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Abstract 
 
Human land use activities have significantly changed the capacity of ecosystems to deliver 
essential service.  Additional stresses brought about by climate change will require a shift in 
how ecosystems are managed.  Global increases in the magnitude and frequency of flood 
events in particular have raised concerns that traditional flood management approaches may 
not be sufficient to deal with future uncertainties.  Resilience approaches aimed at 
understanding and managing the capacity of social-ecological system (SES) to adapt to, cope 
with, and shape uncertainty and surprise offer a possible avenue to deal with these challenges.  
Accordingly, through the use improved systems approaches and knowledge on floods, flood 
regulation services and its impact on people and infrastructure this dissertation contributes 
towards developing and piloting of a flood resilient management strategy.  Research was 
carried out using three flood prone municipalities in the Eden District of South Africa as a 
case study.   
The Millennium Ecosystem Assessment, in its final report, highlighted regulating services as 
some of the most important and degraded, but least understood ecosystem services.  
Regulating services moderate the flow of energy and materials and play a critical role in 
regulating the impacts of extreme events.  The progress in research and understanding of 
regulating services was investigated, with a particular focus on progress on their assessment 
and quantification.  Findings flag key research gaps in all regulating services in developing 
countries and globally, in specifically understudied regulation services of disease regulation 
and air quality regulation.  Results also revealed the need to include the human dimension 
into the study of regulating services, which will require an increase of multi-disciplinary 
research using a social-ecological system approach.  Based on these findings and the 
objectives of the study the use of an existing decision support tool SCIMAP was adapted and 
explored using globally available data to provide a practical and informative approach for 
identifying flood receiving areas at a watershed scale.  Model outputs highlighted how the 
combined effect of natural and anthropogenic factors can aggravate or attenuate a flood 
event, adding valuable insights into flood generation and how it can be managed, especially 
in under resourced areas.  In order to assess the resilience of communities to floods, a 
composite index and spatial analysis approach was piloted.  The approach allows for a 
simple, yet robust index able to include an array of datasets generally available in flood prone 
areas with potential to disaggregate and trace variables for management and decision making.  
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Finally, based on the methods and results developed in previous chapters of the dissertation, 
an approach to characterise and spatially connect the flood regulating ecosystem service 
flows from supply to demand is introduced and illustrated.  The proposed method builds on 
from the thinking in flood vulnerability and incorporates landscape connections from supply 
to demand areas.  By identifying and linking supply areas to the downstream benefitting areas 
of the watershed, areas directly linked to high demand can be conserved to ensure a 
sustainable supply of the flood regulation service.  This dissertation provides new and 
improved approaches for building and managing flood resilient watersheds.  The results have 
immediate applicability to landscape managers in areas where data for process-based models 
and the capacity to interpret model outputs may be limited.   
KEYWORDS: 
Flood regulation, ecosystem services, flood risk management, ecosystem 
management 
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Opsomming 
 
Menslike grondgebruik aktiwiteite het die kapasiteit van ekosisteme om noodsaaklike dienste 
te lewer aansienlik verander.  Bykomende spanning as gevolg van klimaatsverandering 
noodsaak 'n verskuiwing in hoe ekosisteme op die oomblik bestuur word.  Globale stygings 
in die grootte en frekwensie van vloede in besonder wek kommer dat tradisionele vloed 
bestuursbenaderings nie voldoende sal wees om toekomstige onsekerhede te verweer nie.  
Veerkragtigheid benaderings wat gemik is op die verstaan en bestuur van die kapasiteit van 
sosiaal-ekologiese sisteeme (SES) om aan te pas verassings te hanteer, en onsekerheid te 
verweer bied 'n moontlike oplossing om met hierdie uitdaging om te gaan.  Gevolglik, deur 
die gebruik van 'n verbeterde stelsels benaderings en kennis oor vloede, sovel as 
oorstromings regulasie dienste en die impak daarvan op mense en infrastruktuur dra hierdie 
dissertasie by tot die ontwikkeling en bekendstelling van 'n vloed veerkragtig 
bestuurstrategie.  Navorsing is uitgevoer met behulp van drie vloedliggende munisipaliteite in 
die Eden Distrik van Suid-Afrika as 'n gevallestudie.  
 
In die finale verslag van die Millennium Ecosystem Assessment, is uitgelig dat regulering 
dienste een van die belangrikste en vervalle, maar die minste begrypte ekosisteem dienste is.  
Regulering van dienste matig die vloei van energie en materiaal en speel 'n kritieke rol in die 
regulering van die impak van ekstreem gebeure.  Die vooruitgang in navorsing en begrip van 
die regulering van dienste is ondersoek, met 'n besondere fokus op die vordering van bepaling 
en kwantifisering.  Bevindinge lê klem op sleutel navorsing gapings in al die regulering 
dienste in ontwikkelende lande sowel as wêreldwyd, in besonder, onder-bestudeerde 
regulasie dienste van siekte regulering en luggehalte regulasie.  Resultate onthul ook die 
behoefte om die menslike dimensie in die studie van regulering dienste in te sluit, dit beteken 
dat 'n toename van 'n multi-dissiplinêre navorsing met behulp van 'n sosiaal-ekologiese 
sisteem benadering sal benodig word.  Op grond van hierdie bevindinge en die doelwitte van 
die studie is die gebruik van 'n bestaande besluit ondersteunings model SCIMAP aangepas en 
verken met behulp van globaal beskikbare data om 'n praktiese en insiggewende benadering 
vir die identifisering van vloed ontvangs areas op'n waterskeiding skaal te verkry.  Model 
resultate lig uit hoe die gekombineerde effek van natuurlike en menslike faktore vloed 
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gebeurtenis kan vererger of verswak, en voeg waardevolle insigte vir hoe dit bestuur kan 
word, veral in gebiede waar daar'n tekort aan hulpbronne is.   
Met die doel om die veerkragtigheid van gemeenskappe gedurende vloed gebeure te evalueer, 
is 'n saamgestelde indeks en ruimtelike analise benadering geloods.  Die benadering maak 
voorsiening vir 'n eenvoudige, maar kragtige indeks in staat om 'n verskeidenheid van 
datastelle oor die algemeen beskikbaar in vloedliggende gebiede te gebruik met die potensiaal 
om gesky te word en veranderlikes op te spoor vir bestuur en besluitneming.  Ten slotte, 
gebaseer op die ontwikkelde metodes en resultate in die vorige hoofstukke van die dissertasie 
word 'n benadering gebruik om vloed regulering ekosisteem diens vloei te karakteriseer en 
ruimtelik te verbind van toevoer tot by aanvraag.  Die voorgestelde metode is gebaseer op die 
denke in vloed kwesbaarheid en sluit landskap verbindings van die toevoer en aanvraag 
gebiede in.  Deur die identifisering en skakeling van toevoer areas aan aanvraag areas in die 
stroomaf gebied van die waterskeiding, kan gebiede direk gekoppel aan 'n groot aanvraag 
bewaar word, om 'n volhoubare voorsiening van die vloed regulasie diens te verseker.  Die 
dissertasie bied nuwe en verbeterde benaderings vir die bou en bestuur van vloed veerkragtig 
in waterskeidings.  Die resultate het onmiddellike toepaslikheid tot landskap bestuurders in 
gebiede waar data vir-proses modelle en die vermoë om model resultate beperk mag wees te 
interpreteer. 
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Chapter 1 : General Introduction 
1.1 Background 
1.1.1 Climate change impacts 
The world as we know it is changing at a rapid pace (Carpenter et al. 2006a).  In an effort to 
enhance the production of food, fiber, water, fuel and mineral resources to support a growing 
population, humans have significantly changed the composition, structure and function of 
ecosystems (Rodríguez et al. 2006).  One of the repercussions of this unsustainable resource 
use by humans has been a rapid and global change in climate.  Widespread urbanisation and 
deforestation have changed the earth’s surface, the soil moisture level and the topographic 
features of landmasses (Asner et al. 2004, Foley et al. 2007, Curran-Cournane et al. 2014).  
This has led to an alteration of regional radiation exchange and circulation patterns (Lewis 
1989).  There is definitive evidence that increased concentration of naturally occurring 
atmospheric greenhouse gases is trapping thermal radiation from the earth, causing an 
increase of the earth’s surface temperature (Mitchell 1989).  According to Walther et al., 
(2002) the Earth’s climate has warmed by approximately 0.68°C over the past 100 years with 
two main periods of warming between 1910 and 1945 and from 1976 onwards.  These rising 
temperatures are expected to have significant impacts at a global, regional and local scale. 
The increase in temperature is of particular concern due to the sensitivity of a variety of 
systems to variability in climate (Scheraga and Grambsch 1998).  This includes amongst 
others human and animal health, ecosystems and socioeconomic systems (Harvell et al. 2002, 
Patz et al. 2005, Feehan et al. 2009).  According to Tompkins and Adger, (2004) the effects 
of climate change will likely manifest in four main ways namely; slow changes in mean 
climate conditions, increased inter-annual and seasonal variability, increased frequency of 
extreme events, and rapid climate changes causing catastrophic ecosystem shifts.  One of the 
biggest threats represented by climate change is that it impacts on ecosystems with already 
diminished capacity to deliver essential services (Bozelli et al. 2009, Mooney et al. 2009).  
Ecosystem services (ES) are the benefits people obtain from ecosystems and can be classified 
into four broad categories of provisioning (e.g. food, fuel,) regulating (e.g. erosion and 
climate regulation), cultural (e.g. aesthetic value) and supporting services (e.g. life cycle 
maintenance).  Social-ecological systems (SES) are interdependent systems of people and 
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nature (Levin et al. 2012).  Climate change interacts with existing anthropogenic stressors 
like land use change, fire regime alterations; alien invasion and infectious diseases which 
may compound the effects and push the social-ecological system beyond its ability to 
function properly and continue to support biodiversity and the benefit flows to people 
(Parmesan et al. 2003, Christensen et al. 2006, Carroll 2007).  It is thus imperative that the 
effects of climate change in the context of interacting pressures and their influences on social-
ecological systems be considered.  The focus of my research is on the effects of climate 
induced change on ecosystem services, particularly water flow regulatory services, which are 
some of the most important services related to water security (MA, 2003). 
 
1.1.2 Ecosystem service flows 
The ability of ecosystems to provide services and the demand for those services are in 
constant flux and evolve as population, land use and management practices change over time 
(Baral et al. 2013).  In Villa et al.( 2014) the system dynamics of ecosystem services are 
summarised as “the interaction of production (of beneficial goods or services at the 
ecosystem side), use (uptake by beneficiary groups in societies) and flow (transmission of 
benefits from nature to humans)”.  Quantification of service flows offers an opportunity to 
distinguish between modelled capacity of ecosystem to supply a service and the actual 
service provision (Bagstad et al. 2013).  The quantification of ecosystem service flows is also 
important for predicting the impact of environmental change and management on ecosystem 
services (Mouchet et al. 2014).  To ensure sustainable provision of ecosystem services with 
minimal unintended consequences a better understanding of the capacity of ecosystems to 
generate services, as well as where services are generated and used is required (Schröter et al. 
2014). 
 
1.1.3 Flood regulating services 
Intact landscapes are able to intercept and store water from rain storms and slowly discharge 
it in a process known as flood regulation, which forms part of the benefits humans receive 
from nature (MA 2003).  When functioning optimally it allows for natural drainage, buffering 
of extremes in discharge and channel flow regulation (Ziegler et al. 2007, Simonit and 
Perrings 2011).  Any hydrological process depends on some factors or combination of 
factors, which controls its activation, intensity and deactivation (Ambroise 2004).  
Heterogeneity in vegetation types, soil, and slope influences the function of water flow 
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regulation (Le Maitre et al. 2007, Pert et al. 2010).  It is therefore the dynamic interrelation 
and interdependence of all of the hydrological processes within the catchment that will 
determine how it responds during a rainfall event.  This implies that any changes in land 
cover, particularly alterations that change the water storage potential of the system, can 
strongly influence the timing and magnitude of runoff, flooding and aquifer recharge (Bellot 
et al. 2001, MA 2003).  Most landscapes have largely been degraded and fragmented by 
human land-use activities e.g. agriculture and urban development which have disrupted the 
ecosystem’s natural flood regulatory capacity (Bronstert et al. 2002, Pattison and Lane 2012).  
This has led to increased losses with critical environmental, social and economic 
consequences for communities living in flood prone areas (Leconte et al. 2003).  Due to these 
developments the need for adequate flood control and protection is continually increasing.  
To ensure the well-being of flood exposed communities, adequate flood risk management 
strategies should be put in place. 
 
1.1.4 Flood risk management 
Recent increases in the magnitude, frequency and duration of flood events have increased 
awareness of the need for improved flood risk management worldwide (Bronstert et al. 2002, 
Posthumus et al. 2008, Wheater and Evans 2009).  By conserving, improving and managing 
landscapes one can protect watersheds and improve soils and thereby regulate water flow and 
quality, prevent soil erosion, influence rainfall regimes and local climate and maintain 
ecosystem health (Kremen and Ostfeld 2005, Goldman et al. 2007, Gordon et al. 2010).  
Floods are generated when landscape runoff delivered to the channel network exceeds its 
capacity to convey runoff to the catchment outlet, leading to the inundation of floodplain 
areas (O’Connell et al. 2007).  Flood events form part of the natural disturbance regime and is 
important in determining ecosystem structure and function (Poff 2002, Vidal-Abarca et al. 
2014).  Changes in the frequency of flooding may however disturb the equilibrium of 
landforms and ecosystems (Poff 2002, Death et al. 2015).  In order to minimize the risks 
posed by extreme flooding, proactive or reactive measures can be put in place (ten Brinke et 
al. 2008, Palmer et al. 2009).  Proactive measures are actions that, if implemented, will 
improve the capacity of river systems to absorb disturbances while minimizing threats to the 
environment and human populations.  Whereas reactive action involves responding to 
problems as they are generated by repairing damage or by mitigating ongoing impacts.  The 
ideal is to be able to anticipate change and adapt river management to those changing 
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circumstances, whilst having disaster relief, flood control infrastructure and evacuation plans 
in place (Schelfaut et al. 2011).  Very specific proactive management and restoration is 
required to enhance resilience of ecosystems (Prior and Hagmann 2013).  A good 
understanding of how ecosystems regulate hydrological flows and the impact of driver 
interactions on social-ecological systems and their regulation capacity will help to identify 
the best mitigation measures for a particular watershed.  This is the focus of my research, 
which aims to increase this understanding through a systems approach to flood risk 
management. 
 
1.1.5 Systems approach to management 
According to Nelson et al., (2006) any change in the functioning of an ecosystem service can 
be attributed to the combined effects of direct drivers that are amplified by synergistic actions 
and feedbacks.  Feedback processes occur if changes in part of the system initiate changes in 
other components that, in turn affect the component that originally stimulated the change 
(Hannon and Ruth 2001).  Generally there are two feedback processes which affect system 
behaviour, the one being negative and the other positive (Khan et al. 2009).  Negative or 
balancing feedbacks tend to counteract any disturbance and stabilize the system, whereas 
positive or reinforcing feedbacks tend to result in changes in other components that 
strengthen the original process and any variation in feedbacks are as a result of nonlinear 
relationships (Hannon and Ruth, 2001).  Social-ecological systems are dynamically complex, 
are in constant flux, has multiple feedback processes and often change in a nonlinear fashion, 
where outputs are not directly proportional to input (Rial et al. 2004, Liu et al. 2007).  Thus 
one simple change in one part of the system can produce complex effects that can cascade 
throughout the system (Kinzig et al. 2006).  Consequently a strong enough positive feedback 
can lead to abrupt and rapid changes that can shift the system into an alternative stable state 
(Beckage and Ellinwood 2008).  A systems approach offers a way to understand and possibly 
deal with positive feedbacks created by drivers of change on social-ecological systems, 
especially considering the interactions between drivers and their feedbacks. 
 
1.1.6 Driver interaction 
A driver of change can be defined as any natural or human-induced factors that directly or 
indirectly cause a change in a social-ecological ecosystem (Nelson 2005).  These changes are 
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the result of complex interactions between physical, biological and social factors that are so 
interrelated that it is difficult to distinguish between the cause and effect (Spector et al. 2001).  
Numerous studies have been done on individual effects of drivers of change on ecosystems 
(Roura-Pascual et al. 2009), but studying the effect of drivers individually is likely to either 
over or under-estimate the potential effects, which may lead to surprises (de Chazal and 
Rounsevell 2009).  Hence to predict future changes and to develop policies to guide future 
change it is imperative that we understand the interactive effects of drivers associated with 
global change (Sala et al. 2000).  Improved insight into how different drivers of change 
interact will help in identifying where and how human pressures are most likely to lead to 
detrimental effects on the structure and function of ecosystems (Turner et al. 2012).  In areas 
where change is occurring rapidly and where the cumulative impacts of changes may be 
realized too late to trigger mitigation measures it will be particularly useful to have a model 
that could predict the impacts of change and provide a way to anticipate problems before they 
are actually observed on the landscape.  In piloting such a model, my research takes a 
systems approach to understanding and building resilience. 
 
1.1.7 Building resilience 
Resilience is a measure of a system’s capacity to cope with shocks and undergo change while 
retaining essentially the same structure and function (Walker and Salt 2012).  When the 
resilience of a system is compromised, it is more vulnerable to shift to an alternative and 
possibly undesirable state (Scheffer et al. 2000).  As mentioned earlier there are clear 
indications of the dramatic impacts of climate change at the ecosystem level.  It is now 
believed that if left unmitigated climate change will likely surpass the natural capacity of 
human systems to adapt (Scheraga and Grambsch 1998).  Measures to counteract the negative 
effects of climate change are thus imperative and are seen as a key element in creating a 
resilient society (Andrade Pérez et al. 2010).  Some key concepts used in understanding and 
managing socio-ecological systems, relevant to my research, are vulnerability, resilience and 
adaptability (Chapin et al. 2010).  Vulnerability is the degree to which a system is likely to 
experience harm owing to exposure and sensitivity to a specific hazard and the absence of the 
capacity to adapt (Adger 2006).  Vulnerability to flood events are location-specific and 
dependent on the interaction between biophysical attributes and the underlying socio-
economic circumstances and adaptive capacity of inhabitants (Morrow 1999, Zhou et al. 
2013).  Whereas resilience is the capacity of a system to absorb disturbance and reorganize 
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while undergoing change so as to still retain essentially the same function, structure, identity 
and feedbacks (Walker et al. 2002).  Vulnerability and resilience thus have different but 
complimentary framings.  Where vulnerability seeks to identify the weakest parts of social-
ecological system to disturbance, resilience seeks to find the systemic characteristics that 
make systems more robust to disturbance (Turner II 2010).  Adaptability refers to the 
capacity of a SES to respond to change in the state of a system.  In a rapidly changing social- 
ecological system the aim is to implement strategies to reduce vulnerability to expected 
changes, foster resilience and increase capacity to respond to, create and shape change in a 
system (Chapin et al. 2010).  In order to make resilience concepts useful and useable for 
dealing with the uncertainty of floods and future change they need to move beyond their 
theoretical context to a more practical piloting and use in management; an aspect I explore in 
this research (Walker and Salt 2012, Davidson et al. 2013).   
 
1.2 Problem statement 
The constitution of the Republic of South Africa (Act 108 of 1996) places a legal obligation 
on the Government of South Africa to ensure the health (personal and environmental) and 
safety of its citizens.  Damage to infrastructure as a result of natural disasters is therefore paid 
for by government, and the cost involved can be great.  Any private losses encountered 
during such an event are not covered by the government, and farmers who are often hit the 
hardest resort to investing in insurance to protect their assets against losses.  The current 
disaster management practice employed in the Eden District  municipalities, which constitute 
the study area of my research, involves investing capital in flood control infrastructure, 
disaster relief, and infrastructure reconstruction (Eden District Municipality 2012).  In 
general the disaster risk management approach is to deal with the emergency after it occurs 
and to enact relief measures (RADAR 2010).  Repetitive infrastructural failures as a result of 
these extreme events are eminent.  In due time, municipalities will be unable to keep up with 
reconstruction which may leave people stranded for extended periods of time and may also 
increase the outbreak of diseases (Boyd et al. 2014).  The communities’ response to the 
observed changes in climate will depend on their resilience: their resources, vulnerabilities 
and adaptive capacities (Olsson et al. 2004, Smit and Wandel 2006). The Garden Route 
municipalities will benefit from disaster management practices that are more cost effective 
able to reduce vulnerability as well as improve the ability of the natural system to cope with 
Stellenbosch University  https://scholar.sun.ac.za
7 
  
continued exposure to hazards.  These improved practices require better insights and 
projections of social-ecological systems change, drivers and impacts of that change.  
 
1.3 Study area 
The studies in this dissertation were carried out in the Garden Route catchments situated 
along the coast of the Southern Cape region in the Western Cape province of South Africa 
(Fig. 1.1).  The watersheds included in the study occupy an area of 3008 km
2 
and
 
forms part 
of what is known as the Eden district which is an aggregation of local municipalities made up 
of urban centres, towns, villages and hamlets.  Municipalities are politically created 
boundaries, sub-divided into wards which can include part of a settlement, and one or more 
suburbs or residential areas depending on its size.  The economy in Eden is diversified but 
has its base in agriculture, manufacturing, tourism, trade and service (Eden District 
Municipality 2012).  The landscape is rapidly changing as physical infrastructure 
development continues to take place at a remarkable rate (Tempelhoff et al. 2009).  This can 
be attributed to a burgeoning population growth rate which is estimated at 1.56%, this 
translates in to 7000 new people migrating into the area each year (Eden District Municipality 
2008).  In recent years, the Eden district has been plagued by floods and droughts (van 
Niekerk et al. 2009).  Both these hydrologic hazards are a consequence of extremes in 
precipitation (Jentsch et al. 2011).  Over the last decade flood events have occurred with 
higher peaks and severity levels and shorter time intervals (Mélice and Reason 2007).  These 
flood events are usually accompanied by extensive damage to infrastructure, agriculture, 
communications and loss of human life.   
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Figure 1.1: Locality map showing main towns, rivers and elevation of the study area and its location within 
South Africa 
 
1.4 Objective and sub-objectives 
The broader objective of this thesis was to develop and pilot a flood resilient management 
strategy based on improved systems approaches and knowledge on floods, flood regulation 
services and impact on people and infrastructure.  In achieving this objective the following 
sub-objectives were addressed: 
1) Gain a better understanding of the state of knowledge on regulating services by 
reviewing progress in research of regulating services since the Millennium Ecosystem 
Assessment, with a particular focus on progress in their assessment and quantification 
(Chapter 2). 
2)  Develop a clearer understanding of the flood generation process and how it can be 
managed, in especially under resourced areas. (Chapter 3).  
3) Develop a practical approach to measure resilience of a system to a flood based on 
resilience theory and insights (Chapter 4). 
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4) Develop an integrated systems approach to spatially define and link the supply and 
demand of the flood regulating service (Chapter 5). 
 
1.5 Structure and overview 
The thesis comprises six chapters, of which four are research chapters.  One chapter has been 
accepted in a peer reviewed international scientific journal, while the rest are in preparation 
for submission.  I had the main responsibility of data collection, analysis and writing while 
my supervisor (who is also a co-author) was involved in planning of the study design, and 
giving of constructive suggestions and comments.  In chapter 3 of this thesis there are two co-
authors (my supervisor Belinda Reyers as well as Dr. David Le Maitre).  Dr. Le Maitre’s 
contribution in this paper was giving of constructive suggestions and comments.  Since the 
research chapters are multi-authored, they are written in the first person plural (we) with the 
student (Ilse Kotzee) the first author in all papers.  Below is an outline of the papers along 
with the main aims and how they were achieved.  Figure 1.2 shows how the chapters are 
linked and related to each other. 
Chapter 1 sets out the objective of the thesis and outlines the aims, scope and objectives of 
the research. 
Chapter 2 aims to review the progress on the assessment and quantification of regulating 
services, ten years after the publication of the Millennium Ecosystem Assessment.  This aim 
was achieved through a screening of 1030 abstracts and an in depth analysis of 335 published 
papers, covering nine regulating services.  The analysis further explored progress and gaps in 
regulating service types and features using a conceptual framework.  Chapter 2 was 
instrumental in highlighting gaps in the quantification of regulating services and was used to 
guide the focus of the three subsequent chapters. 
Chapter 3 aims to garner a clearer understanding of the flood generation process by adapting 
and exploring the use of an existing decision support tool SCIMAP, using globally available 
elevation, land cover and soils data to provide a practical and informative approach for 
identifying flood receiving areas at a watershed scale. 
Chapter 4 aims to pilots an approach to measure resilience of a system to a flood.  A method 
is presented in which indicators are used to measure and map the spatial distribution of the 
levels of flood resilience across a landscape  The approach entails the use of 24 indicators 
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comprising social, ecological, infrastructural and economic aspects, which are integrated into 
a composite index using a principal component analysis.  A fifth component of institutional 
resilience is used to explore levels of disaster planning, mitigation and public awareness 
capacities and where these can be increased.   
Chapter 5 is based on the methods and results developed in chapter 3 and chapter 4 to 
introduce and illustrate an integrated approach aimed at characterising and spatially 
connecting regulating ecosystem service flows from supply to demand.  The aim was 
achieved by spatially locating the supply of the flood regulatory service using a risk based 
model with outputs classified into service providing, connecting and benefitting areas.  
Demand for flood regulation was estimated by relating the flood hazard to exposure, and 
social and economic resilience of downstream areas. 
Chapter 6 provides a synthesis of the previous chapters and presents the main insights 
gained from the dissertation relevant to the overarching objective. 
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Figure 1.2:  A schematic overview of how chapters of the dissertation link and relate to each other. 
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Chapter 2                                                                                        
The state of knowledge on regulating ecosystem services: a 
review of advances since the Millennium Ecosystem 
Assessment 
 
This chapter is intended for submission to the journal Conservation Biology as:  
 Kotzee, I.M, Reyers, B.The state of knowledge on regulating services: a review of advances since the 
Millennium Ecosystem Assessment 
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2.1 Abstract 
The Millennium Ecosystem Assessment, in its final report, highlighted regulating services as 
some of the most important and degraded, but least understood ecosystem services.  A decade 
later we review progress in research and understanding of regulating services, with a 
particular focus on progress on their assessment and quantification.  The study was based on 
a screening of 1030 abstracts and an in depth analysis of 335 published papers which covered 
nine regulating services.  An analytical framework was used to analyse and compare spatial 
scale, habitat analysed and location of the study area, country of institutional affiliation and 
disciplinarity, as well as methodological approach including data sources, type of analysis 
and indicators used.  The analysis further explored progress and gaps in regulating service 
types and features using a conceptual framework illustrating ecosystem service flows.  We 
found that of the nine services identified, climate regulation was the most commonly 
assessed, followed by water flow regulation, erosion regulation and water purification and 
waste treatment.  Most assessments were done at patch scale as well as regional scale, with 
very few studies done at multiple scales.  Results shows that the majority of studies focused 
on measuring the biophysical supply of regulating services with very little work done on the 
demand of regulating services.  Biophysical quantification and monetary valuation were the 
most commonly used methods to measure and assess regulating services.  These findings flag 
key research gaps in all regulating services in developing countries and globally, in 
specifically understudied regulation services e.g. disease regulation and air quality regulation.  
There is a need to include the human dimension into the study of regulating services, which 
will require an increase of multi-disciplinary research using a social-ecological system 
approach. 
 
Keywords: Human well-being; social-ecological system; climate regulation; ecosystem 
service flows; water flow regulation 
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2.2 Introduction 
Ten years ago the Millennium Ecosystem Assessment (MA) highlighted that regulating 
ecosystem services, potentially the most valuable ecosystem services, were the least 
understood and the most at risk from human activities (MA 2005).  Regulating services, 
which moderate the flow of energy and materials including carbon, water and nutrients 
through ecosystems, play a critical role in regulating air and water quality, greenhouse gases, 
soil fertility and condition, the impacts of extreme events and many other aspects 
underpinning healthy ecosystems and societies (De Groot et al. 2002, Carpenter et al. 2006a, 
Simonit and Perrings 2011).  Despite their perceived value, regulating services have been 
rapidly modified, converted, over-exploited and degraded over the last century in favour of 
management options with shorter time frames and immediate gains (Saad et al. 2011, 
Bommarco et al. 2013).  The MA found many shortcomings in the biophysical quantification, 
monitoring and valuation of regulating services, which raised concerns for the future 
conservation and protection of the ecosystems that produce these services (Balmford and 
Whitten 2003, Kumar et al. 2010).  In order to understand the limits of biodiversity loss, and 
the required action to maintain or restore ecosystem function, a robust theoretical basis of 
ecosystem service functioning is essential (Kremen and Ostfeld 2005, Carpenter et al. 2006b, 
Cowling et al. 2008).   
Regulating services are complex in that they are determined by multiple ecosystem properties 
and processes which are dependent on the condition and capacity of the ecosystem to 
regulate, rather than just the abundance of biota and production functions more relevant to 
provisioning services (De Groot et al. 2002, Kienast et al. 2009).  They are known to change 
slowly over time and usually operate over large, often spatially disconnected scales (Brauman 
et al. 2007, Keeler et al. 2012).  This slow changing and multi-scale nature makes the 
measurement and analysis of regulating services challenging (Layke 2009).  The consequent 
lack of comprehensive and reliable ecological indicators means that  declines in regulating 
services usually only become apparent once it starts impacting other more commonly 
measured ecosystem services (Karp et al. 2013).  Spatial location and scale also play an 
important role in the valuation of regulating services, as multiple ecosystem service flows 
imply multiple beneficiaries.  In addition, many regulating services contribute to the delivery 
of final services, but do not affect human well-being directly (Lamargue et al. 2011, Simonit 
and Perrings 2011, Viglizzo et al. 2012).  Conventional methods of ecosystem service 
valuation therefore fail to accurately quantify their value (Salzman 2005, Kumar et al. 2010).  
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This lack of understanding of and information on, the value of regulating services has 
generally led to their absence in public decision making related to the conservation of 
ecosystem services. 
Since the publication of the MA, ecosystem services research has grown substantially 
(Seppelt et al. 2011, Häyhä and Franzese 2014).  New technologies, combined with the 
growing powers of computers and the availability of tools such as Geographic Information 
Services (GIS), remote sensing, multi-criteria analysis and thematic mapping have made it 
easier to assess and account for ecosystem services (Tardieu et al. 2013, Palomo et al. 
2014b).  The new generation of decision support tools (e.g. Aries and InVEST), allows for 
replicable and spatially explicit ecosystem assessment and trade-off analysis at the landscape-
scale (Bagstad et al. 2014).  Progress has also been made in the uptake of ecosystem service 
research into policy and management (Guerry et al. 2015).  Moreover, national governments, 
businesses  and non-governmental organisations are increasingly recognising the value of 
ecosystem services (Crossman et al. 2009, Curran-Cournane et al. 2014).  The use of 
economic response policies such as Payment for Ecosystem Services (PES) has seen rapid 
growth, with a variety of programs initiated at varying scales and locations around the world 
(Farley and Costanza 2010, Kumar et al. 2014).  On a global scale, The Economics of 
Ecosystems and Biodiversity (TEEB) was launched to draw attention to the global economic 
benefit of biodiversity (TEEB 2010).  In 2012 the Intergovernmental Platform on Ecosystem 
Services (IPBES) was established with the aim of assessing the state of biodiversity and 
ecosystem services (ES) and to facilitate dialogue between the scientific community, 
governments and practitioners (Perrings et al. 2011).   
Several reviews have explored the progress in ecosystem service research highlighting the 
availability of ES indicators, as well as approaches used to map and assess ecosystem 
services (Layke 2009, Seppelt et al. 2011, Martínez-Harms and Balvanera 2012) but to date 
none has specifically focused on the area of regulating ecosystem services.  Here we review 
whether the interest, investment and growth within ecosystem service research and policy has 
had an impact on the knowledge base of regulating services, addressing the knowledge gaps 
highlighted by the MA over a decade ago.  Using a bibliometric review, as well as an 
analytical framework, we quantify the progress made in research into regulating services 
since the MA.  We focus on progress in the methods and data used for assessment and 
quantification in line with the needs of the upcoming IPBES regional and global assessments. 
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2.3 Methods 
A quantitative review was performed using systematic review methodology (Moher et al. 
2009) based on publications found through a bibliographic search using the SciVerse Scopus 
search engine, (http://www.info.sciverse.com/).  Based on two of the largest global 
assessments of ecosystem services (MA and TEEB) we identified nine regulating services to 
include in the review (Table 2.1).  In addition to the term ‘regulating service’ keywords 
specific to each regulating ecosystem service were selected as search terms (see appendix A 
for a full list of search terms).  Eligibility criteria included any peer reviewed paper published 
between 01/01/2005 and the cut-off date 17/04/2015 with the predefined terms in the title, 
keywords or abstract.  
An initial screening of the 1030 abstracts found in the bibliographic search was done using 
the online systematic review software product Covidence (https://www.covidence.org/).   
Covidence is a freely available online systematic review software used to streamline and 
facilitate a review process.  The elements of the software used in this review include citation 
importing and screening of abstracts found in the bibliographic search.  Articles were 
excluded if they were (i) not related to regulating ecosystem services, or (ii) mentioned the 
term “regulating service”, without actually addressing regulating services in the article.  
Approximately 17% of the original papers were excluded at this stage.  Papers dealing with 
regulating services and those whose content was unclear from the abstract alone were 
retained for the next round of screening.  The remaining 846 papers were included in the 
second screening which consisted of a full text reading.  A further 35% of papers were 
excluded after this stage and consisted of papers that were (i) not related to regulating 
ecosystem services (186 papers), and (ii) did not have their full text available in English (118 
papers).  Because we were specifically interested in the state of empirical research, a subset 
of 335 papers that reported empirical ecosystem research were selected from the remaining 
542 studies.  The papers excluded at this stage were either conceptual, with no relevant 
empirical component (115 papers) or were literature reviews (92 papers).  The remaining 335 
papers became the subject of our analysis.  Data were extracted from the empirical studies 
based on various parameters shown in Table 2.2.   
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Table 2.1: List and description of regulating services included in this review. 
Regulating services General description 
Air quality regulation Service provided by ecosystems through the contribution and extraction of 
chemicals from the atmosphere, influencing many aspects of air quality. 
Climate regulation Service provided by ecosystems through the regulation of regional climate 
by providing sources or sinks of greenhouse gases. 
Disease regulation Service provided by ecosystems through the regulation of the abundance 
of human pathogens (e.g. cholera) and abundance of disease vectors (e.g. 
mosquitos). 
Erosion regulation Role of vegetation, root matrix and soil biota in soil retention, prevention 
of landslides and erosion control. 
Natural hazard 
regulation 
Influence of ecosystem structure in reducing environmental disturbances 
(e.g. storm protection by coral reefs and flood protection by wetlands). 
Pest regulation Service provided by ecosystems through the regulation of the prevalence 
of crop and livestock pests and disease. 
Pollination Service provided by ecosystems through the regulation of the distribution, 
abundance and effectiveness of pollinators. 
Water flow regulation Service provided by ecosystems through the regulation of timing and 
magnitude of runoff, flooding and aquifer recharge. 
Water purification and 
waste management 
Service provided by ecosystems through the filtration and decomposition 
of organic wastes introduced into inland waters and coastal and marine 
ecosystems. 
 
Several authors have highlighted that most ecosystem services assessments tend to measure 
only the supply side of ecosystem service delivery (Villamagna et al. 2013, Baró et al. 2015).  
To distinguish among the different components of ecosystem service flows, the regulating 
services studied were divided into properties, potentials, service flows, benefits and 
beneficiaries based on the Ecosystem Properties, Potentials and Services (EPPS) framework 
of Bastian et al., (2013).  The framework is divided into three levels namely physical, 
intermediate and socio-economical and consists out of five pillars namely properties, 
potential services, benefits and beneficiaries.  Properties are the ecological conditions, 
structures and processes that determine whether an ecosystem service can be supplied and is 
driven predominantly by natural scientific methods using analytical indicators.  Potentials are 
the capacity to supply service (potential use) and can be regarded as the stocks of ecosystem 
services.  The services component of the framework represents the actual flow of the service 
and requires a consideration of human needs or demands for the service.  In order to measure 
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how ecosystem services contribute to human well-being the benefits derived need to be 
analysed through a valuation process.  The final pillar of beneficiaries requires the 
consideration of stakeholders, users or beneficiaries of the service.  With the use of the 
framework, the ecosystem services assessed in the review was classified into the five pillars 
in order to highlight which component of ecosystem service flow has received the least or 
most attention (Table 2.2).  Based on the institutional affiliation of authors, studies were 
classified into intra-disciplinary or multi-disciplinary studies.  
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Table 2.2: Criteria used to classify the types of approaches used to assess regulating services. 
Criteria 
 
Categories 
considered 
Rationale 
Data sources used Primary Data derived from field data, survey, interviews, remote sensing 
data. 
 Secondary data Data derived from atlas data, administrative statistics, data from 
literature, expert knowledge. 
Type of analysis Quantitative 
 
 
Qualitative 
 
 
Mixed 
Research used to quantify data by means of general numerical 
data. 
 
Primarily exploratory research, used to gain an understanding 
of underlying reasons, opinions and motivations. 
 
A combination of quantitative and qualitative analysis. 
 
Indicators used Bio-physical data Biophysical quantities eg. sediment lost in tonnes per year.  
 Monetary Monetary value for the service produced. 
 Ranking 
 
Ranking done by experts, policy makers or the general public. 
Spatial Scale Patch  
Local  
Regional  
National  
Global  
10-102km2 
102-103km2 
103-105km2 
105-106km2 
>106km2 
Type of habitat analysed 
 
E.g. wetland, urban, 
forest 
 
Studies categorised based on the habitat in which study was 
performed. 
Location of the study area 
 
E.g. Northern Europe, 
Southern Africa  
 
Geographical locations in which study was carried out. 
Country of institutional 
affiliation of the first author 
 
Institutional affiliation 
 
The institutional affiliation  
given in the author address. 
Disciplinarities Intra-disciplinary 
 
Scholars working within a single discipline. 
 Multi-disciplinary Scholars from different disciplines working together, each 
drawing on their disciplinary knowledge. 
 
Methods used Monetary valuation The process of expressing a value for a particular service in a 
certain context (e.g. decision making) in monetary terms. 
 
 Trade-offs and 
scenario analysis 
The identifying and quantifying of the associations between ES 
to predict the impact of environmental changes and 
management on ES supply. 
 
 Stakeholder perception 
 
A survey done by people and organisations that have an interest 
in the regulating service provided. Stating what they believe to 
be true. 
 
 Expert opinion Experts rank data based on  
their potential to provide specific ES. 
 
 Biophysical 
quantification 
 
Quantification based on field data. 
 Content analysis  A systematic procedure for interpretation of data in order to 
elicit meaning, gain understanding and develop empirical 
knowledge. 
 
 SWOT analysis A structured planning method use to evaluate strengths, 
weaknesses, opportunities and threats involved in a project. 
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2.4 Results 
2.4.1 Analysis of published papers 
The number of papers assessing regulating services increased substantially over the last 
decade (Fig. 2.1 (a)).  Publication rate rose from only 18 papers published in the period 2005 
to 2008, to an average rate of 49 papers per year from 2009 to 2014.  In the analysis, 45% of 
publications used data obtained from primary data sources, whereas 54% relied on secondary 
data sources (Fig. 2.1(b)).  Quantification was the main type of analysis (81%) followed by 
qualitative assessments and mixed analyses (Fig. 2.1(c)).  The most common indicators used 
were bio-physical values (71%), followed by biophysical ranking and monetary values (Fig. 
2.1 (d)).  
 
 
Figure 2.1: Data and analysis of 335 papers selected showing (a) Number of publications per year; (b) Number 
of papers using primary or secondary data; (c) Number of papers using quantitative or qualitative data; (d) 
Number of papers using bio-physical, ranking or monetary indicators. 
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Figure 2.2: Spatial scale of the case studies found in the literature (N = no case study). 
 
Most studies were carried out at the patch scale (30%) followed by the regional scale (28%) 
and local scale (22%) (Fig. 2.2).  Fewer studies were carried out at national, global and 
multiple scales.  The remaining studies were carried out in a laboratory, and therefore did not 
have a study location. 
 
Studies were carried out in a variety of habitats (Table 2.3). The majority of studies covered 
more than one habitat type and was placed in the habitat category “mixed”.  Fifteen percent 
of studies were carried out in the agroecosystem with pest regulation and climate regulation 
the most studied services.  This was closely followed by the forests ecosystems in which 
climate regulation and water flow regulation were most commonly studied.  Nine percent of 
research was carried out in urban ecosystems with climate regulation, natural hazard 
regulation and air quality regulation the most commonly studied services.  This was closely 
followed by wetland ecosystems in which climate regulation and water purification and waste 
treatment were most often studied.  Studies were also carried out in grasslands and freshwater 
ecosystems, with minimal studies carried out in the coastal zone and marine ecosystems.  
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Table 2.3: Matrix showing the published assessments of regulating services and the habitats in which they were measured. 
 
 
 
 
 
 
 
 
Regulating service assessed Agro-ecosystem Estuarine & Coastal  Forest Freshwater Grassland Marine Mixed Urban Wetland 
Air quality regulation 3 - 5 2 - - 20 6 - 
Climate regulation 21 7 32 4 9 3 94 27 21 
Disease regulation 4 0 2 1 1 - 7 1 1 
Erosion regulation 11 2 14 3 7 0 55 4 6 
Natural hazard regulation 7 2 6 7 2 1 8 10 11 
Pest regulation 31 2 7 3 1 0 38 4 3 
Pollination 9 0 5 - 1 1 32 5 - 
Water purification and waste treatment 12 3 12 7 2 2 39 6 15 
Water flow regulation 14 3 16 5 10 - 39 7 5 
Total 112 19 99 32 33 7 332 70 62 
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2.4.2 Distribution and disciplinarity of study 
The articles analysed summed up 344 study areas, with nine of the 335 papers analysing more 
than one study location.  The global distribution of research per geographical region is 
depicted in Figure 2.3.  The majority of studies have been carried out in North America 
(17%), East Asia (13%) and Southern Europe (12%), followed by Western Europe (11%), 
South America (8%), Northern Europe (7%) and Australia and New Zealand (6%).  In total 
more than 70% of studies were carried out in these 7 regions.  Fewer studies were carried out 
in Central (1%),Southern (3%) and Eastern Africa (3%), Central America (2%), Eastern 
Europe(1%), and Southern(2%) and South-eastern Asia(1%).  The location of 72% of studies 
corresponded to the country of the first author’s host institution.  In the remaining 28% of 
studies research was carried out by institutions outside the geographical region of the field 
study.  In these instances, studies were carried out predominantly by institutions in North 
America, Northern Europe and Western Europe.  
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Figure 2.3: Global distribution of local scale field studies and the affiliation of the first authors.  The pie size 
represents the number of studies carried out per region.  The colours within the pie show the percentage of 
studies carried out by researchers from the same region (blue), or from different regions (green). 
 
From the selected studies 74% were classified as intra-disciplinary, while 24% were 
classified as multi-disciplinary.  In 1.5% of studies the author’s affiliation was not given in 
sufficient detail to allow classification.  The majority of multi-disciplinary studies were 
conducted between natural scientists and social scientists (63%), followed by research 
between natural scientists and engineers (17%), although marginal there were also 
collaborations between natural scientists and political scientists, as well as natural scientists 
and  health care scientists or architects.  
 
2.4.3 Quantification of regulating services and methods used 
The frequency with which specific regulating services were assessed in the 335 articles is 
shown in Figure.2.4.  Climate regulation was the most commonly assessed service, and was 
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considered in 60% of the articles analysed.  Other frequently assessed services include water 
flow regulation, erosion regulation and water purification and waste treatment.   
 
Figure 2.4: Frequency with which regulating services were considered in the 335 articles analysed. 
 
Following the Ecosystem Properties, Potentials and Services framework (Bastian et al. 2013), 
9.5% of articles assessed ecosystem service properties, whilst 57% of articles considered 
ecosystem potentials, 14% of articles analysed service flows, and 18% assessed benefits 
whilst only 3% considered the beneficiaries of regulating services (Fig. 2.5).  Also shown in 
Figure 2.5 are the methods used to assess regulating service within each of the components of 
the framework.  All of the studies in which the properties of regulating services were 
assessed made use of biophysical quantification.  To assess ecosystem service potential, 
biophysical quantification was largely used, followed by trade-offs and scenario analysis, as 
well as expert opinion; monetary valuation stakeholder perception and content analysis.  For 
the assessment of service flows, stakeholder perception was the most commonly used, 
followed by biophysical quantification, monetary valuation , trade-offs and scenario analysis 
as well as content analysis and expert opinion.  To assess ecosystem service benefits 
monetary valuation was the most commonly used, followed by biophysical quantification, 
stakeholder perception, trade-offs and scenarios analysis and SWOT analysis.  To assess 
0
50
100
150
200
250
Fr
eq
u
en
cy
 
Stellenbosch University  https://scholar.sun.ac.za
59 
  
ecosystem service beneficiaries biophysical quantification was largely used, followed by 
stakeholder perception and trade-offs and scenario analysis.   
 
Figure 2.5: Regulating services divided into five components of ecosystem service of (properties, potentials, 
service flows, benefits and beneficiaries) and methods used to measure each component. 
 
The monetary valuation techniques used to measure the benefits of regulating services are 
shown in Figure 2.6.  Replacement cost was most frequently used followed by the contingent 
valuation method, service value method and market price method. 
 
Figure 2.6: Monetary valuation techniques used to value the ecosystem service benefits of regulating services. 
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2.5  Discussion 
The review summarises the advances made in regulating service research since the 
publication of the Millennium Ecosystem Assessment, more than a decade ago.  The 
quantitative analysis reveals that research aimed at assessing regulating services has 
increased greatly in the past decade.  Our review revealed some clear trends.  According to 
the analysis the most frequently assessed services are those relevant to climate, land use and 
demographic changes (Evans et al. 2014, Petz et al. 2014).  These include climate regulation 
followed by water flow regulation, erosion regulation, water purification and waste 
management.  The high number of assessments done on climate regulation can be attributed 
to the relative ease with which carbon storage can be quantified (Osuri et al. 2014, Zhao et al. 
2015).  The high profile of climate change as an adaptive strategy, policy options such as 
REDD+ (Matthews et al. 2014), and the work done by the Intergovernmental Panel for 
Climate Change (IPCC 2012) have also contributed to increased research of the service.  
Despite their role in ensuring human well-being regulating services of air quality regulation 
and disease regulation have received less attention.  Due to the multiple factors and 
uncertainties involved in the actual delivery of the air quality regulating service it is still an 
object of debate (Baró et al. 2014)  Insufficient knowledge on the dose-response relationships 
have also prevented prediction of changes in service flows of air quality regulation (Everard 
et al. 2013).  Non-linear, complex interactions between multiple drivers of change make 
elucidating the relationship between biodiversity loss and infectious diseases difficult, the 
specific mechanisms underlying the regulation of diseases is not yet known (Hough 2014).   
Most assessments of regulating services were carried out at the patch and regional scale.  Yet 
the supply of most regulating services is influenced by larger, cross-scale processes (Hein et 
al. 2006, Cumming et al. 2012).  Studies assessing regulating services at multiple scales are 
also very limited (Lesschen et al. 2009, Andersson et al. 2015).  Human activities are rapidly 
changing landscapes which have a direct impact on regulating service provision.  Most 
regulating services assessments are place-based; knowledge on and adequate monitoring of 
habitats is therefore important for informing land use planning aimed at ensuring sustainable 
service provision (Iverson et al. 2014).  The majority of studies included in the review were 
not bound to a specific habitat, but rather occurred within a certain geographical region, 
watershed or conservation area, resulting in the ‘mixed’ habitat type accounting for the 
largest in this category.  In many of these cases research was done in relation to a 
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management unit to assist with decision making.  Following this, the most commonly studied 
habitat type was that of agricultural ecosystems.  Agricultural ecosystems are directly 
managed by humans to meet human needs (e.g. provisioning services such as food, fibre and 
fuel) and can significantly impact regulation ecosystem services (Felipe-Lucia et al. 2014, 
Swinton et al. 2015).  Forests were also very well studied as they not only play a key role in 
influencing climate, but are vital for the provisioning of a number of regulating services such 
as water flow regulation and erosion regulation (Nunez et al. 2006, Streck and Scholz 2006).  
More than half of the world’s population live in urban areas (UN 2014), yet less than ten 
percent of research was carried out in urban ecosystems.  As human populations continue to 
concentrate in urban ecosystems, it will become increasingly important that the regulating 
services(especially air quality regulation , disease regulation, climate and natural hazard 
regulation) and the ecosystems that provide them are understood and valued by city planners 
and political decision makers (Bolund and Hunhammar 1999, Depietri et al. 2012).  The 
review shows that very little research has been done on estuarine and coastal and marine 
habitats, this could be due to multiple factors, which include weak knowledge on these 
systems and their high levels of land use demands (urban, farming, recreation etc.) conflicting 
with ecosystem service management and conservation (Barbier et al. 2011, Maes et al. 2012, 
Pinto et al. 2013).  As with many reviews, it was found that the majority of research has been 
conducted in North America, Europe and Eastern Asia, with fewer studies undertaken in 
Africa, Central America and the rest of Asia.  This is an obvious shortcoming when 
considering that these latter regions are usually associated with higher reliance on regulating 
services due to vulnerability to extremes weather events, combined with high levels of 
inequality, and populations that are highly dependent on local ecosystem services (Mirza 
2003, Guo et al. 2010, Egoh et al. 2012).  
As with all ecosystem services, regulating ecosystem services have ecological, economic and 
social dimensions which are deeply connected and interactive; their assessment therefore 
requires a multi-disciplinary approach (Uy and Shaw 2013, Jones et al. 2016).  The majority 
of studies included in the review were however conducted within a single scholarly 
discipline, with quantitative analysis the main analysis type used.  This may be the linked to 
the early stage of regulating service research, where single disciplines explore in-depth 
aspects of the services, but ultimately more integrated and interdisciplinary approaches will 
be required to link the social and ecological components of regulating services and their 
connections to human well-being and governance (Armitage et al. 2012, Rohlf 2013).  
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Similarly much of the focus of this research is on the potential and biophysical supply of 
regulating services.  Ecological methods, remote sensing, geographic information systems 
and statistical techniques to measure ecosystem service value are popular methods used to 
quantify regulating service supply (Hao et al. 2012, Yuan et al. 2012).  To supplement and 
extend empirical knowledge on the potential supply of regulating services, expert knowledge 
(Quijas et al. 2012, Carollo et al. 2013) as well as stakeholder perceptions is increasingly 
being used.  The use of expert knowledge is especially useful in data scarce regions.  
Understanding the preferences of locals and why they value certain services higher than other 
can help policy-makers and planning managers make more effective decisions regarding 
development and conservation (Lamargue et al. 2011, Lindemann-Matthies et al. 2014).  The 
outputs of a stakeholder perception analysis can be linked to broader landscape level 
measures through mapping (Raymond et al. 2008), or assessments of ecosystem trade-offs 
(Martin-Lopez et al. 2012).   
From the review the most commonly used approach for assessing benefits has been monetary 
valuation.  Due to the invisible nature of regulating services surrogate market valuation 
methods are often implemented to estimate the value of regulating services (Kumar and 
Wood 2010).  The most commonly applied approach has been replacement cost in which the 
cost of replacing the service with that of man-made infrastructure is estimated. This approach 
is especially popular for the valuation of water purification and waste treatment regulation 
(Cruz et al. 2011, Lin et al. 2011).  Contingent valuation which involves directly surveying 
people to elicit their willingness to pay or accept payment for a change in ecosystem services 
was often used to estimate the value of climate regulation and natural hazard regulation 
(Ingraham and Gilliland 2008, Kakuru et al. 2013).  Market-price approaches utilising prices 
from actual markets was mostly used to value climate and water flow regulation (Lin et al. 
2011, Ghaley et al. 2014).  Although less common, non-monetary techniques such as rapid 
rural appraisal (Pereira et al. 2005), biophysical quantification (Klatt et al. 2013), trade-offs 
and scenario analysis (German et al. 2010, Meehan et al. 2013) were also successfully used to 
assess the benefits received from regulating services.   
Despite the need to link supply with demand services, there have been very few studies aimed 
at quantifying ecosystem service demand.  The most common approach for measuring 
demand has been the use of biophysical quantification (Bagstad et al. 2013, Stürck et al. 
2014, Castro et al. 2014), with a few studies using stakeholder perception, trade-offs and 
scenario analysis (Castro et al. 2014).  The lack of research can be attributed to the fact that 
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demand for ecosystem services is driven by complex interactions between socio-economic 
conditions, demographics and cultural norms (Villamagna et al. 2013) for which the 
necessary data and approaches may not yet be available.  Studies focused on quantifying 
regulating services will benefit from more integrated social-ecological systems approaches 
which incorporates both biophysical and human dimensions (Fischer et al. 2015)  
 
2.5.1 Gaps and recommendations 
Results of the quantitative review suggest that there have been advances since the publication 
of the Millennium Ecosystem Assessment, for many services and many regions.  Regulating 
services however remain valuable and declining (Lant et al. 2008, Santos-Martin et al. 2013).  
Key gaps related to the wide diversity of regulating services, their links to human well-being 
and their cross scale and complex nature suggests that the full potential of regulating services 
to inform better management and sustainable developments has not yet been realised.  
Research on regulating services will benefit from increased multi-disciplinary research using 
social-ecological system approaches.  As well as increased research efforts aimed at 
understanding the  complex, but vital regulating services of air quality regulation and disease 
regulation. 
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Chapter 3                                                                                           
An integrated landscape perspective for managing floodwaters 
 
This chapter has been submitted to the journal Natural Hazards as: 
Kotzee, I.M., Le Maitre, D.M.,Reyers, B. An integrated landscape perspective for managing 
floodwaters 
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3.1 Abstract 
Increases in extreme weather events are expected to lead to increases in the occurrence of 
floods, putting communities and infrastructure in flood prone areas at risk.  Assessment of 
how biophysical features combine and interact with one another at the watershed scale to 
generate floods can provide important information for improved flood management and the 
development of mitigation measures.  These assessments are usually data and 
methodologically demanding, precluding many areas from such studies.  Here we adapt and 
explore an existing decision support tool, SCIMAP, using globally available elevation, land 
cover and soils data to provide a practical and informative approach for identifying flood 
receiving areas at a watershed scale.  Outputs from a case study application of 18 adjacent 
watersheds along the Southern Cape Coast of South Africa include a surface flow 
connectivity index; flood generation potential map; stream power index and a flood receiving 
areas map.  The model results show that high hydrologic connectivity between the small, 
steep watersheds and short river reaches make the Garden route watersheds highly responsive 
to rainfall events.  Flood receiving areas are concentrated in the lower lying areas 
surrounding waterbodies and floodplains and settlements located near rivers.  These outputs 
highlight how the combined effect of natural and anthropogenic factors can aggravate or 
attenuate a flood event, adding valuable insights into flood generation and how it can be 
managed, especially in under resourced areas.   
Keywords: Flood regulation; Prioritisation; Flood management; Conceptual Models; 
Ecosystem services, Geomorphology  
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3.2 Introduction 
The occurrence of flood events has increased globally over the last three decades with climate 
change effects expected to increase the frequency, intensity, duration and spatial extent of 
large floods in some regions (Poff 2002, Palmer et al. 2009, Death et al. 2015).  Floods are 
complex natural phenomena brought about by interactions and feedbacks between climate 
inputs and landscape characteristics that occur over a wide range of space and time scales 
(Band et al. 2012, Pattison and Lane 2012).  “A hazard is an event or physical condition that 
has the potential to cause fatalities, property and infrastructure damage, agricultural loss and 
damage to the environment” (Bahauddin and Uddin 2012).  Due to the unpredictable nature 
of floods, the degree of vulnerability to damage from flood hazards can vary.  In order to 
better manage, understand and protect against floods it is therefore important to identify and 
locate the flood hazard areas in a watershed.   
Traditional flood management approaches have focused on river training through the 
construction of embankments and the raising of dams, to reduce the frequency of flooding 
(Brown and Damery 2002, Vis et al. 2003).  Over time there has been a realisation that 
successful management of flood impact requires a systemic understanding of both structural 
and functional dynamics of watersheds (Vigerstol and Aukema 2011, Syrbe and Walz 2012).  
In this expanded approach, the adverse impacts of flooding are reduced through enhancing 
and conserving natural ecosystem flood regulation capacity, land use adaptation,  and flood 
resilience strategies (Vis et al. 2003, Lundy and Wade 2011, Barbedo et al. 2014).  Intact 
landscapes are able to capture and store water from rain storms and slowly release it in a 
process known as flood regulation, one of the benefits or services humans receive from 
nature (MA 2003).  Natural ecosystem features and processes can, depending on rainfall 
intensity, moderate flood impacts or, in some cases, even prevent flooding (Guo et al. 2001, 
Brauman et al. 2007, Brocca et al. 2008).  The capacity of a landscape to store water is 
dependent on the underlying geological and climatic characteristics, its land use and how 
those uses are managed (Burke et al. 1991, Fitzjohn et al. 1998, Puigdefábregas 2005).  
Overland flows are largely controlled by characteristics of the watershed, variation in the 
spatial arrangement, slope, topography, soil depth and roughness of soil surface features  
(Darboux et al. 2002, Terrado et al. 2014).  Hortonian or infiltration excess overland flow 
(HOF) occurs when the rainfall rate exceeds the surface infiltration capacity.  This flow is 
associated with a low infiltration capacity and/or steep slopes in combination with high 
rainfall intensities that exceeds the infiltration capacity (Schüler 2006).  Saturation excess 
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overland flow is produced when the absorptive capacity of the soil is exceeded.  It usually 
occurs on sites with impermeable clay or loamy layers and shallow soils (Schüler 2006).  Soil 
storage capacity refers to the maximum amount of water a soil can retain within soil pores 
and voids and is related to soil structure, porosity, drainage depth of soil profile class, and 
depth of the water table (Hümann et al. 2011). The dynamics of runoff generation are closely 
linked to the hydrological connectivity between the surrounding hillslopes and the river 
channel network  (Tetzlaff et al. 2007, Nieber and Sidle 2010).   
These multiple features, and their interactions and dynamics, make it challenging to quantify 
and assess the capacity of landscapes to regulate floods.  Various approaches to 
understanding the spatial variability in flood regulation have been developed to advance 
knowledge, inform management and design mitigation efforts.  Approaches range from 
modelling empirical relationships to detailed, process-based models for predicting 
hydrological responses (Kim et al. 2012, Biscarini et al. 2013).  While process-based models 
are able to provide time-series inundation information about the onset, duration and passing 
of a hazard event, they require considerable expertise in model design and parameterisation, 
data input and management of large datasets.  The resulting outputs can also be difficult to 
interpret without expertise in modelling fundamentals and specialised software (Zerger and 
Wealands 2004, Hassel 2012).  This is particularly so in developing countries where data for 
such models and the capacity to interpret model outputs are limited.  Often simpler watershed 
scale models are able to model watershed processes with much less predictive uncertainty 
(Sivapalan 2005, Savenije 2010).  A possible middle ground may be the use of parsimonious 
models that represent the simplest approach, but nonetheless allows for the exploration of the 
organising principles that underlie the heterogeneity and complexity of watershed processes 
(McDonnell et al. 2007).   
A number of studies have used the concept of critical source areas to model how fine 
sediments, organic matter and nutrients are transported by water from the source to the 
waterbody (i.e. delivered) (Agostinho et al. 2009, Reaney et al. 2011, Pirard 2012) by 
modelling hydrological connectivity, particularly those focusing on the likelihood of delivery 
and how it varies spatially (Beven et al. 2005, Lane et al. 2006, 2009).  Because  non-point 
source (diffuse) pollution models are designed to identify areas which are most likely to 
generate surface runoff, either by infiltration excess or saturation excess, which allows for 
rapid responses to rainfall, they capture the spatial distribution in the strength of a key flood 
generation process (Moore et al. 1991, Hahn et al. 2014). They may, therefore, offer a 
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potential avenue for representing the spatial patterns in the potential source and delivery areas 
for floodwater using widely available data on topography and land cover (Lane et al. 2003).  
The use of these models also allows for a shift from local scale flood hazard assessment to 
assessments which focus on the scale at which floods are generated and propagated – the 
watershed scale. This is also the scale at which management agencies operate and decision 
making can affect flood management.  Although studies often treat water and sediment 
separately, there is no basis for doing so as the controls (i.e. the hydraulic and sediment 
transport processes) are both determined by the channel network (Downs and Prienstnall 
2003, Croke et al. 2013).  In fact, more integrated and interlinked approaches may be the key 
for a better understanding and management of hydrological hazards.  In order to explore the 
potential of non-point source pollution models in capturing the role of landscapes in 
regulating floods, this study test whether the Sensitive Catchment Integrated Modelling and 
Analysis Platform (SCIMAP) model can be adapted to identify flood source and receiving 
areas to support flood management. 
 
3.3 Methods 
3.3.1 The SCIMAP model 
There are a number of models which have been developed to identify critical source areas 
(CSA’s) in a watershed.  The Sensitive Catchment Integrated Modelling and Analysis 
Platform (SCIMAP), a decision support tool developed by the Durham and Lancaster 
Universities along with the British Environment Agency (http://www.scimap.org.uk/) was 
chosen because it uses readily available datasets and can be used at any scale.  The main aims 
of the model are to identify source areas and pathways of poor water quality and sediment 
erosion using the concept of hydrological connectivity (Reaney et al. 2011, Milledge et al. 
2012).  As it captures the key hydrological processes involved in flood generation from 
surface runoff, the modelling framework used in SCIMAP could be adapted and used to 
identify flood receiving areas.  Additional outputs from the model can be used to better 
understand and predict watershed hydrological response and include (a) a network index 
which shows the flow pathways which connects the upland zone (hillslope) to a drainage line 
(river); (b) a runoff generating potential map which shows the relative runoff generation and 
connectivity potential for each location in the watershed, (c) a stream power index in which 
slope and surface flow connectivity is extracted from a DEM to produce a relative steam 
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power map which represents the rate of flow (velocity) and, thus, the energy available to 
perform geomorphic work as water travels downstream. 
 
3.3.2 Model inputs 
The model inputs consist of: (1) topographic data of appropriate spatial resolution and 
vertical precision; (2) land-cover data; (3) design rainfall data and (4) soils data.  For 
topographic data a 30m Digital Elevation Model (DEM) with a planimetric accuracy of 15.24 
metres was used (Chief Directorate Surveys and Mapping 2002).  The national land-cover 
(NLC) 2000 data for South Africa, Lesotho and Swaziland derived from satellite images and 
field verification was used to obtain land-cover data (Van den Berg et al. 2008).  To account 
for extreme rainfall events, design rainfall data for a 50 year return period were taken from 
the South African Atlas of Climatology and Agrohydrology (Schulze and Smithers 2007).  
Design rainfall is a theoretical storm event based on rainfall intensities (using historical 
rainfall data) associated with a frequency of occurrence and a set duration (Smithers and 
Schulze 2002).  Hydrologic soil type data was inferred from soil texture data obtained from 
the Soils and Terrain Digital Terrain Digital Database (SOTER) for South Africa (Dijkshoorn 
2003).  Model inputs were interpolated onto the topographic data resolution of 30m via a 
nearest neighbour algorithm using ARCGIS 10.3 and Spatial Analyst (Environmental 
Systems Research Institute 2015).   
 
3.3.3 Model application 
The SCIMAP modelling framework consists of five main steps.  In this paper the framework 
is adapted from measuring fine sediment risk (Reaney, 2011), to measuring flood receiving 
areas.  In step one, the flood generation risk for each land cover class is determined by 
multiplying the energy available to generate runoff by the resistance to runoff generation.  In 
the model the energy available to generate runoff is assumed to be positively related to the 
upslope contributing area and the local slope which is both derived from the 30m DEM 
(Reaney, 2011).  To measure the resistance to runoff generated, we used the Natural 
Resources Conservation Services Runoff Curve Number (NRCS) was used to infer a runoff 
weighting upon each land cover class.  The NRCS runoff curve number (CN) was selected as 
it is used as a core component of many of the more sophisticated hydrologic models, yet 
requires only readily available data (Du et al. 2012, Grimaldi et al. 2013).  It is an index 
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developed by the United States Department of Agriculture in 1972 and is a function of land 
cover type and hydrologic soil group (USDA 1986).  It is a numerical description (0-100) of 
the impermeability of the land in a watershed.  The runoff curve number provides a first 
approximation of the potential for surface runoff, with greater curve numbers indicating a 
greater proportion of surface runoff and consequently lower infiltration, and smaller curve 
numbers indicating low runoff and consequently higher infiltration (Laura et al. 2011). The 
runoff curve number (CN) is a dimensionless number, which is reasonably robust, and 
therefore, lends itself to be incorporated into the SCIMAP framework.  The use of run off 
curve numbers is controversial as it has been used in the past without consideration of the 
limitation of the approach (Garen and Moore 2005).  Here the approach is used at a 
watershed scale to serve as a weighting based on the land cover and soil type.   For the 
generation of the curve numbers, data inputs comprises a soil map of soil types and textures 
as well as a land cover map.  The soil map was clipped to the study area using ArcGIS 
Desktop 10.3.  Based on this map, hydrological soil groups were identified depending on soil 
texture and permeability.  Soils were classified into four hydrological soil groups (A, B, C, 
and D) (Table 3.1).   
Table 3.1: Hydrologic soil groups identified from soil textures. 
 
The resulting hydrological soils group map was intersected with the National Land Cover 
(NLC) 2000 of South Africa, to form a land cover hydrological soils group map using 
ArcGIS Desktop 10.3.  The curve number for each polygon was determined using an existing 
CN database created by (Thomas 2015) using the NLC 2000 of South-Africa.  For the 
purposes of the SCIMAP model, curve numbers were rescaled from 0-100 to 0-1 by dividing 
by 100.  The study area is characterised by predominantly well drained type A sandy soils 
and poorly drained low infiltration type D soils,  CN curve numbers were therefore only 
Soil group Nature/description Soil texture 
A Well drained (high 
infiltration). 
Sand, loamy sand, or sandy 
loam. 
B Moderate to well drained 
(moderate infiltration). 
 
Silt loam or loam. 
C Poor to moderately well 
drained (low infiltration). 
 
Sandy clay loam. 
D Poorly drained very low 
infiltration. 
Clay loam, silty clay loam, 
sandy clay, silty clay or clay. 
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calculated for these two soil groups (Table 3.2).  In step two the connection probability is 
determined based on a network index similar to the topographic wetness index of (Beven and 
Kirkby 1979)Bevin and Kirkby, (1979).  The network index is based on the assumption that 
as the watershed wets up, it becomes increasingly connected as points that were previously 
disconnected start to generate and transmit runoff, connecting the upslope areas of the 
watershed to the river channel (Lane, 2009).  At this point each location in the watershed has 
a flood generation risk and a connection probability, which in step 3 are multiplied together 
to produce the runoff generating potential.  In step 4 the runoff generating potential is routed 
through to the river network using the flow pathways previously generated from the DEM to 
produce a loading risk.  In the fifth and final step the upslope contributing area derived from 
rainfall and topographic data is added to the loading risk to produce a flood risk 
concentration.  The results represent a relative ranking of flood receiving areas.   
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Table 3.2:  Runoff curve numbers assigned to land cover and soil hydrological groups 
 
 
 
 
 
Land cover NRCS Curve Numbers  
 Hydrological Soil 
Group A  
Hydrological Soil 
Group D 
Bare Rock and Soil (natural) 0.77 0.94 
Cultivated, permanent, commercial, irrigated 0.51 0.9 
Cultivated, temporary, commercial, dryland 0.67 - 
Cultivated, temporary, commercial, irrigated 0.74 0.9 
Forest (indigenous) 0.3 0.77 
Forest Plantations (Acacia spp) - 0.77 
Forest Plantations (clearfelled) 84 0.82 
Forest Plantations (Other / mixed spp) 0.3 0.77 
Forest Plantations (Pine spp) 0.3 0.77 
Improved Grassland 0.39 0.8 
Mines & Quarries (mine tailings, waste 
dumps) 
- 0.84 
Shrubland and Low Fynbos 0.39 0.8 
Thicket, Bushland, Bush Clumps, High 
Fynbos 
0.36 0.79 
Urban / Built-up (residential) 0.81 0.93 
Urban / Built-up (residential, flatland) 0.61 - 
Urban / Built-up (residential, formal suburbs) 0.54 0.85 
Urban / Built-up (residential, formal township) 0.77 0.92 
Urban / Built-up (residential, informal squatter 
camp) 
0.89 0.95 
Urban / Built-up (residential, informal 
township) 
0.81 0.93 
Urban / Built-up (rural cluster) 0.81 0.93 
Urban / Built-up (smallholdings, thicket, 
bushland) 
- 0.84 
Urban / Built-up, (commercial, education, 
health, IT) 
0.81 - 
Urban / Built-up, (commercial, mercantile) 0.95 0.98 
Urban / Built-up, (industrial / transport : 
heavy) 
0.89 0.95 
Urban / Built-up, (industrial / transport : light) 0.77 0.92 
Waterbodies 1 1 
Wetlands 1 1 
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Model results were exported to GIS where thematic maps where produced for model outputs. 
The stream power index and  flood receiving area maps classified into categories based on 
the degree of hazard (ranging from very low  to very high) using the standard deviation 
classification (Environmental Systems Research Institute 2015).  This classification was 
chosen as it provides relative stream power and flood receiving area values, which allows for 
comparisons between locations and identification of problematic areas.  Outputs were further 
analysed by overlaying the final thematic maps with a river networks, wetlands, waterbodies 
and a settlements layer in Arc GIS desktop 10.3.   
3.3.4 Model verification 
One of the constraints to the verification of results of the SCIMAP model was the lack of 
credible and sufficient flood records available for the study area.  To verify the spatial 
distribution of the model results, the flood receiving areas map was compared with publically 
recorded flood records obtained from a workshop organised by the Western Cape Department 
of local government, sub-directorate: Risk Reduction Planning.  Workshop participants 
consisted out of key stakeholders well acquainted with the area and its hydrological regime.  
At the workshop participants were asked to identify areas on a map that are known to be 
inundated during flood events which occurred in recent years.  This information was then 
captured and spatially presented as data points using GIS. 
3.3.5 Case study watersheds 
The approach was applied to eighteen adjacent study watersheds in the Southern Cape of 
South Africa.  The study watersheds forms part of what is known as the “Garden Route”, so 
called due to its rich biodiversity and pristine natural landscape and occupies an area of 3008 
km
2
 (Fig. 3.1).  In the last decade the watersheds of the Garden Route has experienced an 
increase in the frequency and occurrence of torrential rain associated with winter cut-off lows 
(RADAR 2010).  Extremely heavy rainfall over the area’s steep watersheds often results in 
high run-off, short delay flash floods, which have devastating effects on downstream 
watersheds (Mélice and Reason 2007, Tempelhoff et al. 2009).  Burgeoning development and 
urbanisation impacts have led to alteration in runoff, leading to higher and earlier flood 
peaks, and greater propensity for erosion and sediment transfer (Marker and Holmes 2005).  
Disturbance of the natural vegetation has also allowed alien Acacia spp. invasion particularly 
along mayor valleys (Baard and Kraaij 2014).  These invasive plants are easily ripped out by 
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floodwaters forming large woody debris that can cause blockage or strike and damage 
infrastructure (Le Maitre et al. 2014). 
Daily temperatures in the region average between 14.6 and 20.7 °C, with annual precipitation 
averaging between 700 and 1200mm per annum.    The landscape is characterized by largely 
rocky narrow watersheds, with shallow soils,  steep slopes and deeply incised river valleys 
which terminate in estuaries and form coastal lagoons in places (Marker 2003).  The estuaries 
and lake systems are a special feature of the Garden Route and are important both to the 
ecology and the tourism centred economy of the region (Turpie et al. 2002, Maree 2010, 
Russell 2013).  
 
Figure 3.1: Map of selected Garden Route catchments, South Africa showing the main land cover classes and 
catchment boundaries. 
The geomorphological characteristics of the Garden Route watersheds play a major role in 
how floods are generated (Marker 2003, Marker and Holmes 2005).  To account for the 
heterogeneity of the landscape and to facilitate interpretation, the study area was stratified  
into the geomorphic provinces of Partridge et al., (2010). According to Dollar et al. (2007) 
“Geomorphic provinces are areas of similar relief, climate, lithological assemblages or fluvial 
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evolutionary patterns, which impose broad constraints on lower levels of organisation, e.g. 
drainage basins, macro reaches and channel types”. Using the classification system of 
Partridge et al., (2010) the study area can be divided into three distinct provinces namely: the 
Central Cape Fold Mountains; the Southern Coastal Platform and the Southern Coastal 
Lowlands  (Fig. 3.2). 
 
 
Figure 3.2: Map of the three geomorphic provinces as taken from (Partridge et al. 2010).   
 
3.4 Results 
3.4.1 Main derivatives of the DEM 
Figure 3.3 shows the main derivatives of the DEM and land cover map used in the calculation 
of the point scale runoff generating areas.  The study area has relatively high hydrological 
connectivity across all watersheds (Fig. 3.3(a)).  From the map 1% of the catchment has a 
hydrological connectivity of -1 which is restricted to the upper mountain catchment north east 
of the study area.  Areas with a hydrological connectivity between -0.9-0.36 make up only 
0.35% of the catchment area and are concentrated along the coastal boundary.  Areas with a 
hydrological connectivity between 0.38 and 0.8 make up 10% of the study area and occur in 
the upper mountainous areas of the Central Cape Fold Mountains characterised by high 
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elevation.  Areas with a hydrological connectivity between 0.82 and 0.93 make up 16% of the 
catchment area and are located predominantly in the upper mountainous catchments of the 
Central Cape Fold Mountains, but also in the lower parts of the Southern Coastal Platform 
characterised by steeper slopes.  Areas with a hydrological connectivity between 0.94 and 1 
make up 71% of the study area and are located in the Southern Coastal Platform and Southern 
Coastal lowlands characterised by lower elevation. From the flood risk weighting (Fig. 
3.3(b)) very high flood risk was predicted for the waterbodies of the southern coastal 
lowlands.  Areas of high flood risk cover 13% of the study area and consist predominantly of 
cultivated land and urban/built up areas on poorly drained type D hydrological soils in the 
southern coastal platform.  Areas of low flood risk occur in indigenous forest areas and forest 
plantations, and are located on predominantly sandy textured type A soils.  Thicket, 
shrubland and low fynbos as well as grassland areas of predominantly poorly drained type D 
soils are classified as having medium flood risk.  The stream power index (Fig. 3.3(c)) 
indicates high stream power values in both the upper and middle reaches where slopes are 
steep.   
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Figure 3.3: Shows (a) The network index which is used to determine the surface flow connections. (b)  The 
predicted spatial pattern of the flood generation probability as predicted by the CN number. (c) the distribution 
of the stream power. 
The runoff generation potential map (Fig. 3.4) shows that cultivated and urban/built up areas 
found in the Southern Coastal Lowlands have the highest runoff generating potential.  High 
runoff generating areas are located predominantly in the steep upper watersheds of the 
Central Cape Fold Mountains.  Runoff generated on the steep upper watersheds areas can 
either infiltrate or connect with other runoff generating areas such as the riparian areas on the 
Coastal Platform and the lower reaches of the watershed along the coast.  Areas with low to 
medium runoff potential are areas where runoff is infiltrated or attenuated during rainfall 
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events.  According to the results the waterbodies and wetlands of the study area have the 
lowest runoff generating potential and therefore have the capacity to attenuate floodwaters 
during a flood event.  Natural forest and forest plantations located on the slopes of the Central 
Cape Fold Mountains, as well as the lower lying areas of the Southern coastal platform, also 
show low runoff generating potential.   
 
Figure 3.4: Shows the runoff generating potential map which is the product of the convolution of the source 
area analysis with the connectivity analysis. 
The model outputs are integrated though to the drainage network, to produce the total stream 
power map (Fig. 3.5 (a)).  This map shows that the majority of the short steep rivers located 
in the Garden Route watersheds display high stream power values.  The flood receiving areas 
map (Fig. 3.5 (b)) shows that very high flood receiving areas cover approximately 27% of the 
study area and are located predominantly in the eastern, more mountainous parts of the 
watershed as well as in the lower lying areas of the Southern Coastal Lowland.  Medium to 
low flood receiving areas cover 72% of the study area and are located in the upper watersheds 
of the Central Cape Fold Mountain province.   
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Figure 3.5: The stream power map (a) which is a convolution of stream power index, connectivity, and 
precipitation (b) the cumulative runoff potential weighted by precipitation, to produce the flood receiving areas.  
 
3.4.2 Model verification 
When model outputs were overlain with the public flood records, sixty percent of the 
recorded flooded points overlapped with areas identified as very high to high flood receiving 
area areas, thirty-three percent overlapped with medium flood receiving areas while 6 percent 
overlapped with low flood receiving areas (Fig. 3.6).   
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Figure 3.6: The flood hazard map showing the settlements of the study area and recorded points of historical 
inundations. 
 
3.5 Discussion 
This study investigates on the use of the SCIMAP model, for identifying spatial patterns in 
the potential runoff generating and receiving areas for floodwater.  The adapted model 
framework allows, not only for a clear pattern of spatially concentrated flood receiving areas, 
but also shows how underlying factors of hydrological connectivity, stream power and land 
cover combine to drive flood generation.  The outputs provide a means for users to identify 
areas where conservation efforts should be concentrated in order to maintain flood regulation 
capacity as well as areas where flood mitigation strategies are most needed. 
 
3.5.1 Adapting the SCIMAP model for the assessment of flood 
receiving areas 
By incorporating the Natural Resources Conservation Service (NRCS) runoff curve number 
(CN) method, the use of the SCIMAP model in a flood hazard context could be investigated.  
The CN number has been widely used in areas which lack sufficient historical records and 
detailed runoff information, and has been integrated into many hydrologic; erosion and 
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water-quality models to predict direct surface runoff (Grimaldi et al. 2013, Mohammad and 
Adamowski 2015).  In the SCIMAP model the runoff curve number (CN) serves as a static 
index, reflecting the infiltration capacity of the different land cover types.  Because the runoff 
curves number (CN) is a dimensionless number it could be incorporated into the SCIMAP 
framework with relative ease.   
3.5.2 Drivers of flood generation in the Garden Route catchments 
The areas identified as runoff generating areas by the SCIMAP model are consistent with 
dominant physical processes previously proposed for hydrological landscapes (Winter 2001, 
Savenije 2010).  The slopes of the upper mountain watersheds are characterised by high relief 
and low permeability and are the biggest contributors of flood waters in the Garden Route 
watersheds.  The model also identified riparian areas on the coastal platform and areas 
surrounding waterbodies in the coastal lowlands as potential runoff generating areas.  These 
lower lying riparian areas are characterised by shallow water tables and low storage capacity 
are often responsible for the early flood response through saturation overland flow, but due to 
their limited size and moderate slope are not the largest contributors of runoff in the 
watershed (Savenije 2010).  The flood regulating capacities of the Garden Route Watersheds 
are greatly influenced by the land use type, but are also dependent on landscape position.  
Areas identified as having low runoff generating potential are the wetlands and waterbodies 
on the lower lying coastal platform as well as the forested areas on the hillslopes.  These 
areas play an important role in storing water or routing it more slowly through subsurface 
routes during rainfall events.  Land management activities in these areas should be carefully 
evaluated in order to prevent environmental degradation and ensure continued delivery of the 
flood regulation service.   
Research  done by Song et al. (2014) and Vocal Ferencevic & Ashmore (2012) shows that 
stream power maps can provides further insights into river behaviour and flood development 
for improved flood management.  Several of the river reaches in the Garden Route 
watersheds has been identified as having high stream power values.  In these reaches fast 
moving water can mobilise sediment or large woody debris, which may dislodge vegetation 
and strike and damage infrastructure or clog up the river channel (Bendix 1999).  As with 
many coastal plain rivers, the lower coastal regions of the Garden Route watersheds contain 
areas of ecologically and economically valuable wetlands, and estuaries which are vulnerable 
to river floods, subsidence and other coastal plain dynamics (Song et. al. 2014).  Changes in 
land cover such as the conversion of forests into agricultural land and pastures can result in 
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increased sediment transport rates during flood events (Kron, 2005).  By monitoring 
downstream changes in land cover and areas of high stream power, problem areas can be 
prioritised to reduce flood impacts.   
 
3.5.3 Flood receiving areas of the Garden Route catchment 
The final output of the SCIMAP model is a flood receiving areas map.  At this point a good 
understanding of watershed behaviour has been garnered, allowing for a better understanding 
of why certain areas in the watershed are more prone to flooding than others.  The high 
hydrologic connectivity between the small, steep watersheds and short river reaches make the 
Garden Route watersheds highly responsive.  During rainfall events, runoff generated on the 
mountain slopes, is funnelled through narrow incised rivers into flood receiving areas in the 
lower lying areas where there are waterbodies, and floodplains and settlements located near 
rivers.  This information provides a starting point for identifying and prioritising areas where 
flood mitigation measures need to be put in place..  
 
3.5.4 Strengths and limitations of the approach 
The data required to set up a hydrological model is one of the main constraints when 
choosing a model to apply to a specific area.  One of the main strengths of the SCIMAP  
model is that it can be run with the use of readily available data sources such as national land 
cover maps, digital elevation models and soils data.  In addition, the framework is not 
computationally demanding, and can be run without extensive modelling expertise.  The 
outputs of the model are spatially explicit maps, which make the presentation of results and 
their interpretation easier.  The model’s strength is that that it incorporates a representation of 
hydrological connectivity, with additional model sub-components of stream power and runoff 
generation that allow consideration of a range of environmental processes and how they link 
and interact with land management.  Final results can also be returned to GIS and overlain 
with existing maps and watershed information for further analysis.  Compared to other more 
complex hydrological models, the SCIMAP model does have limitations.  Although it can 
identify flood-exposed areas, it cannot simulate hydrological parameters of water velocity, 
depth and discharge.   
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3.5.5 Conclusion 
The potential use of the Sensitive Catchment Integrated Modelling and Analysis Platform 
(SCIMAP) to capture, assess and identify flood receiving areas was tested.  The identification 
of flood receiving areas is a fundamental component of a flood management strategy and 
allows for the anticipation of possible impacts and the prioritisation of resources.  The case 
study of the Garden Route watersheds illustrates how this approach can be used at a 
watershed scale to not only to identify flood receiving areas, but to provide a better 
conceptual understanding of the physical processes in the watershed and its underlying 
drivers.  The comparison of the flood receiving area map with historical flood events, 
suggests that the locations of flood receiving area identified by the SCIMAP model are areas 
prone to flooding.  The approach shows great potential as a decision support tool for 
improved flood management and is intended to be used in the preliminary stages of a study to 
prioritise areas in the landscape where future resources, time and expertise should be focused.   
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Chapter 4                                                                         
Piloting a social-ecological index for measuring flood 
resilience: A composite index approach 
 
This chapter has been published as Kotzee I, Reyers B. 2016. Piloting a social-ecological index for 
measuring flood resilience: A composite index approach. Ecological Indicators 60:45–53. 
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4.1 Abstract 
Global increases in the magnitude and frequency of flood events have raised concerns that 
traditional flood management approaches may not be sufficient to deal with future 
uncertainties.  There is a need to move towards approaches that manage the resilience of the 
system to floods by understanding and managing drivers of vulnerability and adaptive 
capacity.  Here we pilot an approach to measure the resilience of a system to a flood.  A 
method is presented in which indicators are used to measure and map the spatial distribution 
of the levels of flood resilience across a landscape.  Using three flood affected municipalities 
in South-Africa, 24 resilience indicators related to floods and its relevant social, ecological, 
infrastructural and economic aspects are selected, and integrated into a composite index using 
a principal components analysis (PCA).  A fifth component of institutional resilience is used 
to explore levels of disaster planning, mitigation and public awareness capacities and where 
these can be increased.  The PCA transformed the 24 variables into four main components, 
the first of which was strongly correlated with underlying social variables, while the second 
and third correlated well with economic and ecological variables respectively.  Distinct 
spatial variation of flood resilience was found across the study area, with highest flood 
resilience in main cities, and lowest in wards located on the periphery of cities often the 
location of peri-urban informal settlements.  The disaggregation of underlying indicators 
showed wards with lowest flood resilience also had the lowest social, economic and 
ecological resilience.  The flood resilience index was sensitive to the exclusion of all three 
components highlighting the importance of capturing the multidimensionality of flood 
resilience.  The approach allows for a simple, yet robust index able to include an array of 
datasets generally available in flood prone areas with potential to disaggregate and trace 
variables for management and decision making. 
Keywords: Extreme events; Social-ecological systems; Disaster management; Indicator, 
Ecosystem service; Climate change 
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4.2 Introduction 
Increases in extreme weather events combined with expanding urban populations are leading 
to progressively more vulnerable people and assets.  High population densities, lack of urban 
infrastructure, ubiquitous informal settlements and urban sprawl to marginal areas mean that 
cities in developing countries are particularly exposed to climate change-induced disasters 
like floods, sea storms and wildfires (Pelling and Özerdem 2002, Thakur et al. 2011).  Studies 
on the impacts of severe flood events in the last decade report on unpredictable, usually rapid 
onset events, that lead to substantial financial losses, destruction of infrastructure, 
displacement, and death (Merz et al. 2007, Armah et al. 2010).   
The magnitude and frequency of these events suggest that traditional approaches of flood 
management are no longer adequate.  Resilience approaches aimed at understanding and 
managing the capacity of a social-ecological system (SES) to adapt to, cope with, and shape 
uncertainty and surprise offer a possible avenue to deal with these challenges (Folke et al. 
2002, Adger et al. 2005).  Social-ecological systems (SES) are interdependent systems of 
people and nature.  The way in which SES copes and adapts to changes therefore needs to be 
analysed in a way that accounts for social-ecological interactions (Chapin et al. 2010).  In a 
resilient SES, dealing with disturbance such as floods present an opportunity for innovation 
and development in a changing environment (Folke 2006, Turner II 2010).  The ability of a 
SES to adapt to and benefit from change is dependent on characteristics of vulnerability and 
adaptive capacity (Walker et al. 2004).  “Vulnerability is the degree of harm owing to 
exposure and sensitivity to a specific hazard and the absence of the capacity to adapt” (Adger 
2006).  Whereas the capacity to adapt refers to the ability of actors in a system to influence 
resilience through collective action and learning (Walker et al. 2004).    
In order to manage and foster the resilience of systems to floods, it is important to be able to 
measure where, and how much resilience resides in a system (Carpenter et al. 2001, Walker 
et al. 2002).  Complex interactions between social and ecological systems, non-linear 
feedbacks, spatial and temporal variation, and the practical difficulties of measuring 
resilience, make operationalising resilience challenging (Marshall and Marshall 2007, 
Davidson et al. 2013).  Some of the tools and models that have been used to measure 
resilience include the use of ecological models (Cumming et al. 2005, van Nes and Scheffer 
2007), indicators (Chillo et al. 2011, Dai et al. 2012), metrics (Allen et al. 2005), and 
resilience surrogates (Bennett et al. 2005).  Due to a lack of sufficient data and capacity, 
uncertain model results and insufficient guidelines for use by scientists and managers, tools 
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and models have remained substantially under-utilised in SES management (Nyström et al. 
2008, Malone and Brenkert 2008).  There is therefore a need for a readily calculated and 
transparent method to measure resilience of a SES to stresses and events such as floods 
(Chapin et al. 2010). 
Composite indices offer a potential avenue for dealing with the multivariate and complex 
nature of SES.  A composite index is a mathematical aggregation of a set of indicators used to 
summarise the characteristics of a system (Saisana and Tarantola 2002, Salvati and Carlucci 
2014).  Indices are increasingly used to facilitate communication among scientists, 
policymakers, and the public (Reisi et al. 2014).  Their application include the measurement 
of trends in poverty, human development, vulnerability and quality of life and biodiversity 
(Scholes and Biggs 2005, Hahn et al. 2009, Krishnan 2010, Flanagan et al. 2011).  Part of the 
appeal of composite indices lie in their ability to provide the big picture while summarising 
complex or multi-dimensional issues (Saisana and Tarantola 2002).  As decision-making 
tools they are not without limitations, which include challenges of disaggregation and 
traceability for management (Scholes and Biggs 2005, Hinkel 2011). 
 
The use of composite indices to measure disaster resilience has largely been developed  in 
social science and environmental risk and hazard communities (Mayunga 2007, Cutter et al. 
2010, Orencio and Fujii 2013). In these indices the emphasis is on community resilience 
which implies that groups or communities are resilient due to social and organisational 
factors which enable them to respond and adapt to disasters (Cutter et al. 2008, Magis 2010, 
Frazier et al. 2013).  A potential shortcoming of these indices has been the absence of a 
biophysical component.  This is an important gap as ecosystems have been shown to play a 
large role in determining resilience to extreme events associated with climate change impacts 
(Munang et al. 2013, Nel et al. 2014).  In the disaster resilience index of Cutter et al.(2014) a 
first attempt at the inclusion of an ecological resilience component is made.  The index 
however measures general resilience to all natural hazards, rather than specific resilience to a 
particular hazard.  In order to account for different ecosystem features and processes 
associated with particular hazards a more specific resilience focused on a particular natural 
hazard would allow for the selection of variables relevant to the hazard while capturing more 
accurately the role, location and condition of ecosystem services. 
To contribute to approaches and studies operationalising resilience, especially those that 
elaborate the social-ecological dimensions of resilience, we develop, test, and analyse the use 
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of a flood resilience index.  This study makes use of the social and ecological characteristics 
of three flood-prone municipalities in South Africa.  The method is developed within the 
context of existing tools and methodological frameworks used in urban and disaster planning, 
in order to link to future policy and planning in the area. 
 
4.3 Methods 
4.3.1 Study site description 
The study area is located in the coastal region of the Southern Cape of South Africa. The 
three municipalities in the study area; George, Knysna, and Bitou, consist of an 
interconnected system of urban centres, towns, villages, and hamlets that form part of the 
Eden District (Fig 4.1).  Municipalities are politically created boundaries, sub-divided into 
wards which can include part of a settlement, and one or more suburbs or residential areas 
depending on its size.  The Eden district has been evaluated as one of the five most disaster- 
prone areas in South Africa as it is very mountainous, prone to flash flooding, and coastal sea 
storms (SALGA) (2013).  It has also been the subject of long-term ecological and social data 
collection and analysis (Reyers et al. 2009, Payet et al. 2013, Sitas et al. 2013, Nel et al. 
2014).  The three municipalities chosen for the study have been the hardest hit by flood 
events in South-Africa within the last decade (Macgregor 2005, Faling et al. 2012).  
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Figure 4.1: Map of the study area showing its location in South Africa, and three municipalities of A George, B 
Knysna and C Bitou. 
The Eden District falls within three internationally recognised biodiversity hotspots 
(Vromans et al. 2010).  The area hosts an extensive system of indigenous forests and is home 
to a number of unique lakes and estuaries that are of both scientific and economic importance 
(Turpie et al. 2002, Maree 2010).  The local economy is largely centred on tourism, 
agriculture, manufacturing, forestry, and trade (Ferreira 2007, Pauw 2009).  Rapid population 
growth attributed to the net in-migration of young, low-skilled job seekers and older, high-
income retirees have placed increased pressure on existing infrastructure, and demand for 
housing (Eden District Municipality 2009).  This urbanisation pressure is set against a 
backdrop of very limited developable land, a sensitive environment, and a lack of new jobs 
being created in the local economy (Allanson 2000, Marker 2003).  
 
4.3.2 Construction of the index 
Various methods exist to construct composite indices, with the choice of method dependent 
upon the type of problem, the nature of the data and the objective of the analysis (Nardo et al. 
2005).  The use of composite indices to measure resilience is fairly new, and the accurate 
characterisation of resilience still remains a challenge (Prior and Hagmann 2013). Many 
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disaster resilience indices use an equal weighting for reasons of simplicity and transparency 
(Cutter et al. 2010, Ainuddin and Routray 2012).  We rather assign an explicit and transparent 
weighting system to account for the range of variance in such a social-ecological dataset and 
conduct sensitivity analyses to make clear its impact.  The statistical method of principal 
component analysis (PCA) is used to generate weights for the variables.  PCA is a statistical 
model which relies on the variation and covariation of the data matrix to construct weights in 
the component index (Saisana and Tarantola 2002).  The weighting method is objective, 
computationally easy and is compatible with the type of data obtained from surveys and 
databases (Vyas and Kumaranayake 2006). 
 
4.3.3 Variable selection 
As flood resilience is a multifaceted property, we used the principles of resilience as outlined 
by Biggs et al.(2012) to guide our selection of variables with which to measure resilience. 
These principles include maintaining diversity and redundancy, managing connectivity, 
managing slow variables and feedbacks, fostering of complex adaptive systems thinking, 
encouraging learning and broadening participation.  In a review of public and grey literature 
relevant to flood resilience the factors shown to be linked to social, economic, infrastructural 
and ecological flood resilience (Cutter et al. 2008, Gunderson 2010) were identified and then 
refined using the Biggs et al. (2012) criteria, as well as data availability in the region.  Of the 
selected 30 variables, 6 showed high levels of correlation (Pearsons R> 0.7) which were 
removed.  A final 24 variables were selected for use in the index (Table 4.1).  
 
4.3.4  Data sources 
Data for variables were collected at the ward level and obtained from the 2011 Census of 
South Africa (Statistics South Africa 2011), as well as government publications, municipal 
planning documents and an online biodiversity database (BGIS 2014).  All data used were 
taken from public databases to ensure that the final result could be validated, reproduced, 
replicated and improved with new data by stakeholders. 
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Table 4.1: Description of variables used to assess flood resilience in the Eden District. 
Variable Description 
Access/evacuation  
potential Ʊ 
Arterial roads/ km
2
 
 
Age dependency ratio Pop aged under 15 or 65+ to total pop aged 15-64. 
Civic involvement Number of civic organizations per ward/10 000 
pop. 
Communication capacity % Population owning a cell phone. 
Children under 5 years of age Population aged 0-4 
Ecological Buffer 
 
% Natural vegetation. 
 
Education % Population with a high school diploma. 
Elderly Population aged 65 and older. 
Employment % population employed. 
Employment equity %  female labour. 
Employment sector diversity 
 
TRESS index 
 
Housing capital Percent home-ownership. 
Housing type 
 
Percent formal housing  
 
Income disparity Percentage population earning > $400 
Land use diversity Proportion of land use categories per ward, 
multiplied by the natural logarithm. The resulting 
product is summed across wards, and multiplied by 
-1. 
 
Place attachment 
 
% Population living in area for 10+ years. 
 
Political Engagement Voter participation in local elections. 
Recovery Ʊ % Public schools per ward. 
Soil retention 
 
Percentage deep permeable soil per ward. 
 
Special needs % Population without a sensory or physical 
disability  
Transportation Access % Population with a vehicle. 
 
Water infrastructure 
Water infrastructure 
% Piped water.  
% Flush toilets. 
Wetland diversity Proportion of flood attenuating wetlands per ward, 
multiplied by the natural logarithm. The resulting 
product is summed across wards, and multiplied by 
-1. 
 
Ʊ Natural log transformation: New variable =Ln (1+Old variable). 
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4.3.5 Normalisation and appropriateness procedures 
To standardize variables a min-max normalisation technique was performed on all variables 
(Priddy and Keller 2005).  The statistical software IBM SPSS Statistics version 21(IBM Corp 
2012) was used to carry out all statistical procedures.  The selected variables were inspected 
for normality using the Kolmogorow Smirnov statistic, and descriptive statistics of skewness 
and kurtosis to identify data distribution.  To correct for skewness in the data the variables of 
recovery, and evacuation potential were statistically transformed using a natural logarithm 
(Table 1).  The suitability of using a factor analysis was tested using Bartlett’s test and 
Kaiser-Meyer Olkin (KMO) measure.  Both tests provided sufficient statistical significance 
and factors were found suitable for performing a PCA. 
 
4.3.6  Principal Component Analysis 
PCA identifies patterns and reveal underlying factors that best describe variation in the data 
(Kaźmierczak and Cavan 2011).  The objective of the analysis is to take Q variables 
x1,x2……xq and find linear combinations of these to produce principal components Z1,Z2…Zq 
(Nardo et al. 2005).  Each component reveals the set of variables with which it has the 
strongest correlation, and this is used to weight the variables of the composite index.   
The first step in PCA is to check the correlation between variables; this was done through 
performing a correlation matrix on the 24 variables chosen.  The second step is to identify a 
certain number of latent components that represent the data.  To determine the number of 
components to be extracted a scree test is used (Cattell 1983). After an examination of the 
scree plot, four components were extracted for analysis.  Factor loadings were then calculated 
for each of the variables on the components.  To minimise the number of individual variables 
that have a high loading on a specific component a varimax rotation was performed on the 
data. 
 
4.3.7 Calculating the flood resilience index (FRI) 
Once the principal components were extracted an intermediate sustainability indicator (ISIji) 
corresponding to each of the principal components j was needed.  This was done through a 
weighted aggregation of indicators(Gómez-Limón and Riesgo 2008):  
𝐼𝑅𝐼𝑗𝑖 = ∑ 𝑤𝑘𝑗𝐼𝑘𝑖
𝑘=𝑛
𝑘=1
          1 
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Where IRIji is the intermediate resilience indicator for the component j and the ward i, and wkj 
is the weight of indicator k in the component j and Iki is the normalised indicator k achieved 
by ward i 
The weights wkj are obtained from the varimax rotation (Table 2) following this expression: 
𝑤𝑘𝑗 =
(𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔𝑘𝑗)2
𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑗
         2 
The FRI is calculated as a weighted aggregation of the intermediate resilience indicators: 
𝐹𝑅𝐼𝑖 = ∑ 𝛼𝑗𝐼𝑅𝐼𝑗𝑖
𝑗=3
𝑗=1
          3 
Where FRIi is the value of the composite indicator for the ward i and α is the weight applied 
to the intermediate sustainability indicator j.  These weights are calculated as follows 
𝜕𝑗 =
𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑗
∑ 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒𝑗
𝑗=3
𝑗=1
                                                                                                   4 
The result of the index scores can be negative or positive and was standardised using min-
max normalisation (Priddy and Keller 2005). To test whether components were well balanced 
and produced a robust composite index, robustness analyses were undertaken to determine 
the influence of weights and variable choice on the index output.  This included testing of 
weighting effects by computing an equal weighted index and comparing it to the empirically 
weighted index.  The resilience index scores for both weighting schemes were then ranked 
and compared.  The impact of choice of variables used was tested by systematically including 
and excluding variables measuring social, economic and ecological resilience. 
4.3.8 Data visualisation and classification 
The flood resilience index  (FRI) scores, were made spatially explicit using Geographic 
Information Systems (GIS) version 10.0 (ESRI 2010).  To facilitate further exploration of 
geographic trends in the data, the intermediate resilience indicator (IRI) scores for the three 
components of social, economic and ecological components were also made spatially 
explicit.  Data were displayed based on standard deviations from the mean, to highlight wards 
that rank high or low in terms of their flood resilience.  
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4.3.9 Institutional resilience  
Due to the nature of institutional resilience, many of the indicators do not lend themselves to 
qualitative measurement.  A scoring system was therefore developed drawing on key 
characteristics of organisational capacity known to favour institutional resilience (Næss et al. 
2005, Brody et al. 2009, Miao et al. 2013).  Following the safety chain approach (ten Brinke 
et al. 2008) indicators were grouped into four phases of flood management: pro-action, 
preparation, response, and recovery.  Municipalities were allocated a score of one if 
compliant, a score of 0.5 if policies or measures are in place, but not adequately implemented 
and a score of zero for no compliance.  Compliance was assessed based on the review of each 
municipality’s strategic planning documents, which includes integrated development plans 
(IDP), spatial development frameworks, as well as official websites and press releases.  Due 
to the more subjective, qualitative approach used to measure institutional resilience, it was 
kept separate from the composite index development and only assessed in comparison to the 
final index. 
 
4.4 Results 
4.4.1 Component scores 
The PCA found that the first four components together explained 68% of the variation in the 
data, with the first, second, third, and fourth components, accounting for 23, 21.55, 13.9 and 
9% of the variance respectively (Table 4.2).  Variables of education, communication 
capacity, employment, transportation access and elderly population scored highly on 
component one, with high negative loadings for variables of place attachment and children 
under the age of five (Table 4.2).  Based on the predominance of social variables on 
component one it was classified as a social resilience component.  Variables that loaded 
highly on component two include water infrastructure, income disparity and employment 
equity with a high negative loading for the age dependency ratio variable (Table 4.2).  
Component two was classified as the economic resilience component.  Variables of 
ecological buffers, employment sector diversity and land use diversity loaded highly on 
component three, with a high negative loading for soil retention (Table 4.2).  Based on these 
variables the component was classified as ecological resilience component.  Component four 
had only two high loading variables explaining the relationship between wetland 
diversity(negative) and access/evacuation potential (positive) (Table 4.2). 
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Table 4.2: Results of Principal Component Analysis using a varimax rotation factor matrix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.2 Flood resilience Index 
The distribution of the calculated flood resilience index (Fig. 4.2), demonstrate the large 
variability in flood resilience across the study region.  The highest flood resilience scores 
were found in the main towns and surrounding suburbs of the three municipal areas.  
Moderate flood resilience was observed in the outer wards which form the boundary of the 
Variables Component 
 1 2 3 4 
Education 0.827    
Communication capacity 0.802    
Place attachment -0.797    
Employment 0.753    
Transportation access 0.727    
Elderly 0.711    
Children under 5 years of age -0.706    
Civic involvement 0.647    
Political engagement 0.536    
Special needs -0.369    
Schools 0.319    
Water infrastructure  0.869   
Income disparity  0.823   
Employment equity  0.815   
Housing type  0.759   
Housing capital  0.732   
Age dependency ratio  -0.595   
Ecological buffers   0.840  
Employment sector diversity   0.812  
Soil retention   -0.766  
Land use diversity   0.646  
Sanitation infrastructure  0.476 -0.520  
Wetland diversity    -0.855 
Access/evacuation potential    0.675 
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municipalities.  Lowest flood resilience was found in the urban wards situated on the 
periphery of main cities. 
 
Figure 4.2:  Spatial distribution of flood resilience Index (FRI) values and their related ward ranking for the 
Eden District. Wards are ranked from most (1) to least (40) resilient. Classes are measured in +/- intervals of 0.5 
std dev from the mean. Those greater than the mean are accorded a high ranking, while those less than the mean 
are lower ranked.    
The underlying factors influencing flood resilience become clearer when the index is 
disaggregated into its component parts (Fig. 4.3).  The distribution of social resilience (Fig. 
4.3(a)) shows the highest scores are within wards containing the three main cities of the 
respective municipalities.  High scores were also found in the outer wards bordering the 
municipalities of George and Knysna.  Moderate scores were found in wards made up of 
towns and villages adjoining the urban wards.  Low scores were found in peri-urban wards on 
the periphery of main cities.  In terms of economic resilience (Fig. 4.3(b)) highest scores were 
measured within and around city centres, with progressively lower resilience with distance 
from urban centres, with the exception of Bitou municipality, which had predominantly 
moderate scores.  The distribution of ecological resilience (Fig. 4.3 (c)) shows relatively high 
ecological resilience in the majority of wards.  Highest scores were found in the two 
connected wards in the eastern side of the study area.  The western side of George 
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municipality displayed the lowest scores of the region with moderate scores for the wards 
forming the border of the municipality and low to very low scores in peri-urban wards. 
 
Figure 4.3:  Spatial distribution of disaggregated components of the flood resilience index; showing (a) social 
resilience, (b) economic  resilience and (c) ecological resilience values. Classes are measured in +/- intervals of 
0.5 std dev from the mean. Those greater than the mean are accorded a high ranking, while those less than the 
mean are lower ranked.  
Scores for institutional resilience are shown in Table 4.3.  The highest scores were measured 
within the pro-action and prevention phase for all three municipalities.  In the preparation 
phase all three municipalities had fairly low scores with the highest scores calculated for 
George municipality, and lowest scores calculated in Knysna municipality.  Recovery phase 
was the lowest scoring phase, and all three municipalities displayed scored zero indicating 
non-compliance. 
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Table 4.3:  Institutional resilience variables and their associated scores for components of flood management 
cycle.  A score of 1 represent compliance, a score of 0.5 represents inadequate implementation, and a score of 
zero represents non-compliance. 
Measure George Knysna Bitou  
Pro-action 
Spatial Development Framework 1 1 1 
Zoning Ordinances 1 1 1 
Building standards 0.5 0.5 0.5 
Flood setback lines  0.5 0.5 0.5 
Transfer of development rights  1 1 1 
Risk reduction programs 0 0.5 0.5 
Infrastructure maintenance 0 0 0 
Preparation 
Training for disaster risk  0.5 0.5 0.5 
Guidelines for early warning  0 0 0 
GIS data for disaster management 0 0 0 
Drills for disaster response 0 0 0 
Flood Education  0.5 0.5 0.5 
Vulnerability assessment 0.5 0.5 0.5 
Active stakeholder engagement 1 0 0 
Dedicated disaster management staff 1 0 0 
Collaboration with NGO’s and civil society  0 0 0 
Budget 0.5 0.5 0.5 
Storm water management plan 0.5 0.5 0.5 
Response 
Disaster Recovery plans 0 0 0 
Communication amongst emergency responders 1 1 1 
Flood warning and forecasting 
 0.5 0.5 0.5 
Recovery 
Debriefing and post disaster recovery 0 0 0 
Interoperable communication  0 0 0 
Disaster Management advisory forum 0 0 0 
 
4.4.3 Weighting and its impacts on FRI 
Rank values for the two weighting schemes are summarised and compared in Fig. 4.4.  
Results show good correlation in the outputs obtained for the two weighting options, with 
minimum and maximum values remaining within the same range for all municipalities. 
Boxplots show a marked difference in the distribution of rank values, with the empirical 
weighted index showing a larger, upward distribution in rank values. 
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Figure 4.4: Summary of the ranking of the flood resilience index (FRI) at municipal level, computed with equal 
weight (EqW) and empirical weight (EmW). The top and bottom of the box represent the 25
th
 and 75
th
 
percentiles (quartiles), and the horizontal lines extending out of the boxes represent the 5
th
 and 95
th
 percentiles.  
The middle horizontal line within each box indicates the median of the data.  
 
The sensitivity of the FRI to the inclusion or exclusion of variables are assessed and 
summarised with the use of box and whisker plots in Figure 4.5. The inclusion and exclusion 
of variables had varying effects on the FRI scores of all municipalities. In the iteration where 
variables measuring ecological components were excluded a downward shift in minimum 
scores was observed for all three municipalities, in Bitou resilience scores clustered within a 
narrow range around the median, with a long tail indicating a large dispersion in the relative 
outliers, whereas resilience scores for George and Knysna showed a very similar distribution.  
The exclusion of variables measuring economic components showed no change in minimum 
and maximum values, but a greater dispersion in resilience scores. The exclusion of the 
variables measuring social components resulted in a downward shift in minimum values for 
all three municipalities, with a greater distribution of resilience scores in Knysna 
municipality.  
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Figure 4.5: Summary of estimated flood resilience index (FRI) values using all components (all), excluding 
ecological components (ex.ecol), excluding economic components (ex.econ) and excluding social components 
(ex.soc). The top and bottom of the box represent the 25
th
 and 75
th
 percentiles (quartiles), and the horizontal 
lines extending out of the boxes represent the 5
th
 and 95
th
 percentiles.  The middle horizontal line within each 
box indicates the median of the data. 
 
4.5 Discussion 
In developing and piloting a multi-dimensional approach to measuring resilience in three 
flood prone municipalities, this study demonstrates the possibility of the spatial depiction and 
communication of flood resilience values.  The findings highlight the variation across the 
region from highly resilient inner city wards, to low levels of flood resilience within wards 
located on the periphery of main cities.  The approach further allows for the disaggregation 
and traceability of the underlying components of social, ecological, and economic and 
infrastructure resilience, in order to explore and manage the major determinants or detractors 
of flood resilience.  The independent institutional resilience component further helps to 
explore which capacities related to disaster planning, mitigation and public awareness are 
lacking and need to be managed to improve flood resilience in the area. 
4.5.1 Flood resilience in Eden 
High flood resilience scores in urban coastal wards, is expected as it is located in areas with a 
strong natural resource base.  These characteristics are major drawing card for the wealthy 
residents who live there, and contribute to the high social and economic resilience of these 
wards (Tempelhoff et al. 2009).  Rural wards on the borders of municipalities are key 
agricultural and social support centres, but lack sufficient infrastructure, reflected in the 
moderate flood resilience scores (Eden District Municipality 2009).  Rural wards of the study 
area did however score higher than urban wards located on the outskirts of city centres.  
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These urban wards contain informal settlements, which are characterised by poorly built and 
inadequately maintained housing, sited on inappropriate landscapes that are poorly drained 
(Benjamin 2008).  Moreover residents of these wards often have insufficient financial and 
other resources to prepare for floods, and therefore typically suffer greater housing damage, 
have higher mortality rates, and recover more slowly after a flood event (Morrow 1999).  
 
Social resilience is the most statistically significant indicator of flood resilience in Eden with 
highest social resilience scores in the main cities which are the centres of housing, health and 
education facilities and have the highest concentration of work opportunities (Godschalk 
2002, Eden District Municipality 2009).  Rural wards also display high social resilience, 
which can be attributed to the strong network of social ties within these communities 
(Murphy 2007, Norris et al. 2008). Strong social networks or social capital as it is also known 
can increase both response and recovery before during and after flood events (Morrow 2008, 
Carpenter et al. 2012).  Individuals living in the rural wards of the study area are likely to 
have lived in the area for an extensive period of time, during which they have greater 
community interaction and stronger personal bonds (Krishna and Shrader 1999).  Fast 
growing urban wards however are more likely to contain isolated households with limited 
networks to draw upon during flood events (Morrow 1999) which is reflected in the low 
social resilience scores in the peri-urban wards. 
 
Economic and infrastructure resilience which is tightly linked in the Eden District is the 
second most statistically significant indicator of flood resilience in the Eden District.  This is 
highlighted in the more affluent wards, where residents are in a better position to pay for, and 
demand better infrastructure.  The lowest scores were measured in the urban wards on the 
outskirts of the city. The urban wards furthest away from the central business district suffer 
from inadequate social facilities and poor integration with the rest of the wards in the 
municipality, and are generally also the areas of greatest poverty (Benjamin 2008).  
 
The study area has a high natural resource base, which is reflected in the high resilience 
scores across municipalities.  The lowest ecological resilience was measured in the urban 
wards of George municipality which are also the most populous wards of the study 
area(Statistics South Africa 2012).  The concentration of people around urban centres can 
have impacts on local biodiversity through the over-use of provisioning services such as 
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freshwater, crops and timber (Adger et al. 2005, Pauchard et al. 2006).  Urban areas, in which 
land use diversity is maintained, will have more options for responding to change and 
disturbance (Chapin et al. 2009; Biggs et al. 2012).  Investment in ecosystem service-based 
economic activities such as eco-tourism and fishing can enhance economic resilience while 
maintaining ecosystem services (Raudsepp-Hearne et al. 2010).  
 
There is room for improvement within all three municipalities for all phases of flood 
management.  In the pro-action phase authorities should endeavour to separate the source of 
risk from the population in order to avoid a disaster (ten Brinke et al. 2008).  A review of 
pertinent literature shows that although zoning and building controls are in place for all three 
municipalities, there is a gap between flood risk management policies and its implementation.  
The main hurdles faced by the local municipalities are poor land use decisions in the past, 
rapid urbanization, and lack of formal housing (Benjamin 2008, Humby 2012).  In the 
preparation phase of the disaster management cycle arrangements, contingency plans and 
crisis management training takes place (ten Brinke et al. 2008).  The absence of dedicated 
disaster management personnel in any of the municipalities is disconcerting as a strong 
organizational capacity forms the basis of good institutional resilience (Brody et al. 2009).  
This is especially important in the wake of climate change-induced flood hazards which may 
place new and unexpected demands on municipal authorities (Brown and Damery 2002).  By 
employing a dedicated disaster management team, more technical expertise and personnel 
can be devoted to the implementation of good flood mitigation techniques (Brody et al. 2009, 
Miao et al. 2013).  This could also have positive knock-on effects for the other phases of the 
flood management cycle.  The recovery phase is one of the most important phases in the 
flood management cycle as it provides feedback to the other phases, and can aid in making 
communities less vulnerable to similar events in future (ten Brinke et al. 2008).  The recovery 
phase was however the lowest scoring for all three municipalities.  When compared to that of 
the response phase, very little attention in general is given to coordination in disaster 
recovery.  Post disaster efforts can be increased through collaboration with other government 
departments as well as closer collaboration with non-governmental organizations (NGOs) and 
civil society (Raju and Van Niekerk 2013).  
4.5.2 Robustness analysis 
As with all composite indicators, choices of variables, weighting and calculation influence 
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the final outcome (Gómez-Limón and Riesgo 2008, Salvati and Carlucci 2014)).  The use of 
weights and the selection of weighting method depend on the local factors and situations 
where the method is applied (Mayunga 2007, Reisi et al. 2014).  For this case study, which 
like many developing countries displays high social and economic disparities, the method 
relying on the variation and covariation of the data matrix to construct weights provided a 
useful discriminant of flood resilience.  The robustness analysis on variable choice was useful 
in identifying the variables which exert a significant influence on the output of the index.  
The analysis highlighted the importance of the use of a multi-dimensional approach in which 
all components of resilience are included.  The results also showed how the resilience of 
municipalities was affected by variable inclusion, which helped to increase transparency of 
the index. 
 
4.5.3 Conclusion  
In assessing the resilience of communities to floods, a composite index and spatial analysis 
approach proved helpful in summarising and presenting a complex array of variables linked 
to resilience in a repeatable and replicable manner.  Outputs of the composite index are 
meaningful, traceable, disaggregatable and relatively intuitive to interpret.  The inclusion of 
the institutional resilience component is important for improving government policy and 
floods management.  Spatial analysis gives further insights into the geographic distribution of 
flood resilience across the study area and highlights the disparity between inner city wards 
and those on the urban fringe.  The applied value of the flood resilience index lies in its 
potential to inform decision making grounded in credible, salient and transparent information.  
While developed in the Eden district, the method is flexible enough to allow the proposed 
index to be applied in other geographic locations.  The use of PCA as a method to construct 
this index allows it to be adapted to specific contexts as the defined weights are based on 
underlying variables and variation in selected variables.  Although Eden is relatively data 
rich, especially with regards social data, the increasing availability of an array of global 
social, economic and ecological datasets (Tallis et al. 2012) make it possible to apply, test 
and refine this flood resilience index elsewhere.  The strength of the index is that its 
components are disaggregatable, allowing for the identification of the main drivers of flood 
resilience within a ward.  It can thus be used to recognize the components which lead to 
improved resilience and to set targets to improve the resilience of low scoring areas.  
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Chapter 5                                                                                
Assessing and mapping supply and demand of flood 
regulation: broadening understanding through a systems 
perspective 
 
This chapter is intended for submission to the Journal Ecosystems as: 
Kotzee, I.M, Reyers, B., Assessing and mapping supply and demand of flood regulation: 
broadening understanding through a systems perspective 
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5.1 Abstract 
Although major strides have been made in the quantification of ecosystem services to date, 
there has been a lack of approaches and information to quantify and map supply and demand 
of flood regulating services in a linked and useful way.  This paper introduces and illustrates 
an approach to characterise and spatially connect the flood regulating ecosystem service 
flows from supply to demand.  The approach used includes a resilience perspective in which 
a people centred priority is adopted which fits the inequality and development challenges 
experienced by many developing countries.  Supply and demand of the flood regulating 
service was spatially defined using widely available and regularly updated geophysical GIS 
and national census data to ensure that changes in the system can be captured over time.  The 
spatial location of the supply of the flood regulatory service was determined using a risk 
based model with outputs classified into service providing, connecting and benefitting areas.  
Demand for flood regulation was estimated by relating the flood hazard to exposure and 
social and economic resilience of downstream areas.  To illustrate the variation in supply and 
how humans shape the demand for regulating services, the approach was applied in two 
urban watersheds in South Africa.  In the George watershed the service providing area 
constitutes 37% of the watershed, with runoff largely generated in the upper mountainous 
part of the watershed and along the coast.  In the Knysna watershed service providing areas 
make up 20% of the watershed and comprise urban areas, plantations and thicket or dense 
bush.  A clear spatial distinction was shown in the demand for flood regulation in the 
watershed with generally low demands in the urban wards, and high demand for flood 
regulation in the peri-urban wards.  The approach is flexible and could include other aspects 
of exposure such as land or urban assets.  It also allows for disaggregation to explore 
underlying features, as well as the regular updating of new data to account for the dynamic 
nature of the social and ecological components of these areas. 
Keywords: Social-ecological systems; Resilience; Ecosystem services; Vulnerability; 
Regulating services. 
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5.2 Introduction 
Since the publication of the Millennium Ecosystem Assessment (MA) there has been a 
growing focus on the prevention of environmental decline and degradation, with considerable 
research effort placed on understanding the intricate linkages between the natural 
environment, economic development and human well-being (MA 2003, Howe et al. 2013, 
Bennett et al. 2015a).  Central in this undertaking has been the use of an ecosystem service 
approach aimed at sustainably managing ecosystems to deliver services that will benefit 
society despite ongoing disturbance and transformations (TEEB 2010, de Groot et al. 2010, 
Biggs et al. 2012).  Ecosystem services, which have been grouped into four broad categories 
of provisioning, regulating, cultural and supporting services, have been studied extensively 
over the past decade with major strides made in many areas of ecosystem service research 
and practice (Guerry et al. 2015).  Less progress has been made in integrating the ecosystem 
service concept into land management and policy decisions (Petz and van Oudehoven 2012, 
Sitas et al. 2014).   
One of the main challenges has been the absence of a means of consistently understanding 
and quantifying how ecosystems provide services (de Groot et al. 2010).  In order to capture 
the full dynamics of ecosystem service delivery, all of the components from production to 
benefit (and their links) need to be considered (Schröter et al. 2014, Jones et al. 2016).  There 
have been a number of studies focused on quantifying the supply side (Egoh et al. 2008, 
Maes et al. 2012), as well as the demand side (Martin-Lopez et al. 2012, Casado-Arzuaga et 
al. 2013) of ecosystem services, with economic valuation a popular means of quantifying the 
role of ecosystems in supporting human well-being (Hein et al. 2006, Ghaley et al. 2014).  
Studies in which both the supply and demand of ecosystem services are assessed have 
however only recently gained momentum (Wolff et al. 2015).   
The benefits derived from ecosystem services are rooted within a complex social-ecological 
system, influenced by interdependent drivers of demography, economic changes, 
environmental deterioration and changes in science and technology, behaviours and values 
(Nelson et al. 2006, Villamagna et al. 2013).  Human societies are also not passive in the face 
of environmental change, and are able to operate, learn and change in order to increase or 
maintain the well-being of its members (Brown and Westaway 2011).  Integrated studies 
dealing with both social and biophysical processes can better inform management 
interventions and improve the understanding of socio-ecological systems (Fischer et al. 2009, 
Laterra et al. 2016).   
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Efforts to maintain the capacity of watersheds to regulate floods have become a priority and 
an area receiving worldwide attention (Locatelli and Vignola 2009, Depietri et al. 2012).  
Watersheds have the ability to capture and store water during rainfall events, reducing the 
amount of runoff generated and lowering flood peaks through the ecosystem service of flood 
regulation (Le Maitre et al. 2014).  Communities living in the downstream areas of 
watersheds are able to benefit from the flood regulation service through increased flood 
safety and reduced damages and losses (Logsdon and Chaubey 2013).  The process of flood 
regulation is intricately linked with the terrestrial water cycle and is dependent on the features 
of the landscape (Brauman et al. 2007).  By converting forest areas and wetlands into 
agricultural land and impermeable surfaces, humans have changed the way in which 
watersheds respond to rainfall events resulting in higher and earlier flood peaks (Baral et al. 
2013, Nel et al. 2014).  As human populations continue to concentrate in urban areas the need 
for adequate flood control and protection is steadily increasing (Radford and James 2013).  
By identifying and managing service providing areas which are the natural and biophysical 
areas providing the regulating service (Syrbe and Walz 2012), and linking them to service 
benefitting areas, which are the location where beneficiaries demand the regulating services 
(Syrbe and Walz 2012, Palomo et al. 2014a), sustained ecosystem service delivery can be 
enhanced.  Visualising the connection between ecosystem service supply and demand is 
especially pertinent for the flood regulation service in which service flows are spatially 
dependent. 
There are a lack of approaches and information to quantify and map supply and demand of 
flood regulating services in a linked and useful way.  Much of the work is focused on 
quantifying potential supply of flood regulation (Laterra et al. 2012, Radford and James 2013, 
Koschke et al. 2014).  The lag in the quantification of supply and demand of regulating 
services can be attributed to the fact that they are more challenging to quantify, as the 
benefits derived from the service are intangible and not directly used or consumed (Kumar 
and Wood 2010).  The demand for regulating services is also not constant and is directly 
dependent on environmental conditions and pressures such as increased population and 
changes in land use (Smith et al. 2013).   
Studies which have considered both supply and demand of flood regulation have used a risk 
based approach in which supply is quantified through hydrological modelling and the 
exposure of society or the vulnerability of assets to a potential disturbance is used as a proxy 
for demand (Nedkov and Burkhard 2012, Liquete et al. 2013, Stürck et al. 2014).  A potential 
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shortcoming in these approaches has been the exclusion of the wide range of socio-economic 
factors communities are exposed to and how they may interact to produce flood risk (Chapin 
et al. 2010, Bennett et al. 2015b).  The determination of demand for flood regulation can 
benefit from a more comprehensive view of vulnerability such as the view proposed by 
Turner et al. (2013).  In this approach vulnerability is predicted based on the synergy between 
human and biophysical subsystems, sensitivity to exposure and the system’s capacity to cope 
or respond to stressors.  Exposure refers to the degree to which a region, resource or group 
are subject to natural hazards,  whereas a hazard is “an event or physical condition that has 
the potential to cause fatalities, property and infrastructure damage, agricultural loss and 
damage to the environment” (Bahauddin and Uddin 2012).  The chapter sets out to spatially 
define the actual used or demanded contribution of ecosystems in providing flood regulation 
(final flood regulation service) to downstream communities in a flood prone region in South 
Africa by using an integrated people centred approach.   
 
5.3 Method 
The unit of analysis for the study was set as the watershed, which is the natural drainage area 
in which rainfall converges into a single point and drains in a waterbody, wetland or lake.  
The watershed was further stratified into municipal wards, as this is the level at which socio-
demographic data was collected in the national census (Statistics South Africa 2011).  The 
method is based on the analysis of bio-geophysical GIS data and national census data, both of 
which are widely available and updated on a regular basis.  The advantage of using this data 
is that urban population growth and the supply and demand of services are always in flux and 
therefore regular updates on data will ensure that changes in the system can be captured over 
time.  The method consists of two components: (1) determining the spatial location of flood 
regulation supply areas using the risk based model Sensitive Watershed Integrated Modelling 
and Analysis Platform (SCIMAP); (2) estimating and mapping the final regulating service 
through relating flood hazard, exposure and social and economic resilience of downstream 
areas. 
 
5.3.1 Case study watersheds 
The study was carried out in two urban watersheds situated along the southern Cape coast of 
South Africa (Fig. 5.1).  The George (Fig. 5.1) and Knysna (Fig. 5.2 ) watersheds form part 
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of what is known as the “Garden Route”, so called due to its rich biodiversity and pristine 
natural landscape (Vromans et al. 2010).  The area is characterised by a rugged terrain, with 
numerous river valleys, coastal cliffs, afro-mountain forests, bays and beaches.  These natural 
features are major draw cards for tourists, retirees and job seekers.  Both watersheds have 
been affected by floods in the last decade with significant impacts to tourism, economic 
activities, and local infrastructure (Mélice and Reason 2007, Tempelhoff et al. 2009).   
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Figure 5.1: George watershed showing its current land cover (NLC, 2014), main towns as well as position 
within the Garden Route catchments. 
 
 
Figure 5.2: Knysna watershed showing its current land covers (NLC, 2014), towns as well as position within 
the Garden Route catchments.,  
 
The watersheds were chosen as each watershed has a distinct social-ecological context with 
residents settling in the respective watersheds for different reasons.  Comparing the demand 
for flood regulation in the two watersheds can provide further insights into how demands for 
flood regulation are generated in the watersheds.  The George watershed occupies an area of 
109 km
2 
and has a population of approximately 44 610 people.  It is what is known as a 
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regional urban centre, and is the hub for jobs and lifestyle, with the highest concentration of 
work opportunities, health services and education, business and cultural facilities in the 
region (Eden District Municipality 2009).  Rapid urban growth due to both local population 
growth and in-migration has placed significant pressure on the provision of affordable 
housing and services in the watershed.  As a result, new arrivals from people in lower income 
groups have built homes in topographically inappropriate areas in informal peri-urban areas 
subjected to flooding.  The informal settlements lack adequate municipal services such as 
water supply, storm water and road infrastructure, waste collection, medical services and park 
space, placing them at higher risk during a flood event (RADAR 2010).  The Knysna 
watershed occupies an area of 202 km
2 
and has a population of approximately 17 784 people.  
The Knysna watershed is what is known as a major urban centre and plays a critical role in 
the economic performance of the region (Eden District Municipality 2009).  It is home to the 
Knysna estuary, which is one of the largest estuaries along the southern Cape coast of South 
Africa (Maree 2010).  The upper regions of the watershed are covered in protected afro-
montane forest and indigenous fynbos (Marker 2003).  Property in the Knysna watershed is 
highly desirable, with areas adjacent to the estuary densely settled with both exclusive 
residential developments and informal settlements (Marker 2003).  Living in such close 
proximity to the estuary puts residents at increased risk of flooding.  Exposure to the hazard 
is however offset by coupled locational benefits such as livelihood opportunities, accessibility 
and coastal amenities.   
 
5.3.2 Hydrological modelling 
The Sensitive Catchment Integrated Modelling and Analysis Platform (SCIMAP) is a 
physically based risk model with an explicit use of hydrological connectivity developed by 
the Durham and Lancaster Universities along with the British Environment Agency 
(http://www.scimap.org.uk/).  The model was initially developed to identify sources of 
diffuse pollution (Reaney et al. 2011), but has been adapted in Chapter 3 to identify flood 
receiving areas.  The model outputs are used to predict the capacity to provide flood 
regulation as well as to predict hazard areas which are one of the components used to 
calculate demand for flood regulation.  The model inputs include topographical data, rainfall 
data, soils data and land cover data.  A digital elevation model (DEM) with 20m resolution 
was used for topographical data (Chief Directorate Surveys and Mapping 2002).  The 
national land cover map of South Africa was used to obtain land cover data (Van den Berg et 
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al. 2008).  To account for extreme rainfall, design rainfall data for a 50 year return period was 
taken from the South African Atlas of Climatology and Agrohydrology (Schulze 2008).  Soil 
data for construction of a runoff curve number was obtained from the Soils and Terrain 
Digital Terrain Digital Database (SOTER) for South Africa (Dijkshoorn 2003).  The model 
framework consists of five steps which include (1) the estimation of runoff generation risk (2) 
determination of a connection probability for runoff generated (3) the combination of the 
generation probability and connection probability to produce a runoff generating potential (4) 
rooting the runoff generating potential through the river network to get a risk concentration 
and (5) transformation of the risk loading to a flood risk concentration. 
 
5.3.3 Flood regulation supply 
Supply was mapped based on the capacity of the watersheds to generate runoff and the 
hydrological connectivity of the watershed.  A flood generating risk map was generated in 
step 1 of the SCIMAP model based on the energy available to produce runoff and the 
resistance to runoff generation.  The energy available to produce runoff was determined 
based on the local slope and the upslope contributing area determined from rainfall and 
topographic data derived from the DEM.  To account for resistance to runoff generation a 
land cover weighting, in the form of a runoff curve number (CN) was used.  The CN number 
is a function of land cover type and hydrologic soil group and gives an indication of the 
permeability of the land in a watershed (Laura et al. 2011).  In step 2 the connection 
probability of runoff produced is determined based on flow pathways, slope and upslope 
contributing area.  The generation and connection probability is combined to produce the 
flood generation potential map.  This map is used to determine the flood regulation supply of 
the watersheds.  Classes of high, medium and low were determined using a Jenks natural 
breaks classification in ArcGIS 10.3 (Environmental Systems Research Institute 2015).  
Using the landscape classification of (Syrbe and Walz 2012) areas with high flood generating 
potential were classified as service providing areas, areas with medium flood generating 
potential were classified as service connecting areas, and areas with low flood generating 
potential were classified as service benefitting areas.   
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5.3.4 Final flood regulation service 
The final flood regulating service was determined by relating the flood hazard and level of 
flood exposure of downstream communities to their social and ecological resilience.  To 
determine the flood hazard of areas downstream of the study watersheds, the flood receiving 
areas map generated with the SCIMAP model in step 5 was used.  A mean flood hazard value 
for each ward was generated using the ArcGIS zonal statistics tool (Environmental Systems 
Research Institute 2015).  The number of people per ward was used as a proxy for exposure 
to flooding.  Due to the people-centred focus of this study, it is assumed that the higher the 
number of people in a ward, the higher the level of exposure.  Further, to gain insight into the 
ability of flood exposed communities to respond to flood impacts, a composite social and 
economic resilience index was constructed.  The variables included in the analysis have 
previously been identified (through a Principal Component Analysis (PCA) in Chapter 4) as 
contributing to the social and economic resilience of the George and Knysna watersheds.  
The social component captures the internal strengths and resources within communities to 
deal with floods and suggests that communities with higher levels of education, access to a 
telephone, those who have been living in the area for a period of time, are employed and have 
access to a vehicle display higher social resilience (Table 5.1).  The economic resilience 
component measures the resources available to the community and includes the availability 
of water infrastructure, level of income earned, employment equity, type of housing, and 
housing capital (Table 5.1).  Data used to construct the index were obtained from the 2011 
Census of South Africa and was collated at the ward level (Statistics South Africa 2011).  To 
standardise the data, a min-max normalisation technique was performed on all variables 
(Priddy and Keller 2005).  Using the aggregation method proposed by Cutter et al.,( 2010), 
both a social and economic resilience index were calculated by using the arithmetic mean of 
the respective social and economic variables for each ward.  Due to the absence of 
information on importance and weighting of these various scores, the  final flood regulation 
service was determined by using a simple equation in which a ward’s flood regulation flow 
was determined as the difference between the flood hazard and flood exposure of the ward 
and the social and economic resilience of the ward’s communities.  Classes of high, medium 
and low flood regulation flow were determined using a Jenks natural breaks classification in 
ArcGIS 10.3 (Environmental Systems Research Institute 2015.) 
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Table 5.1: Description of variables selected for Social and Economic Resilience Index with justification for use. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Description Justification 
Social component 
Education %  population with a high school 
diploma. 
(Tierney and Bruneau 2007, Norris et al. 2008) 
Employment % population employed. (Morrow 1999) 
Place attachment 
 
% population with ten years+ 
residence. 
 
(Maclean et al. 2014) 
Transportation Access % population with a vehicle. 
 
(Morrow 2008) 
Communication 
capacity 
 
% population with a cell phone. (Sutton et al. 2008) 
Economic component 
Housing capital Percent home-ownership (Morrow 1999) 
Housing type 
 
Percent  formal housing  
 
(Flanagan et al. 2011) 
Income 
 
Percentage pop earning > $400 (Morrow 1999) 
Employment equity 
 
% female labour. (Euwals et al. 2010) 
Water infrastructure % piped water  
% flush toilets. 
(Abdallah and Burham 2000) 
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5.4 Results 
5.4.1 Flood regulation supply 
Figure 5.2 shows the potential supply of regulating services as determined by the flood 
generating potential map of the George (Fig. 5.3(a)) and Knysna (Fig 5.3(b)) watersheds.  In 
the George watershed the service providing area constitute 37% of the watershed.  Runoff is 
largely generated in the upper mountainous part of the watershed and along the coast.  The 
service connecting area constitutes 27% of the watershed and consists of indigenous forest, 
forest plantations, cultivated areas, thicket or dense bush and grassland.  Service benefitting 
area constitutes 36% of the watershed.  These areas are located in urban areas west of the 
watershed and along the south-eastern coastline.  In the Knysna watershed (Fig. 5.3(b) 
service providing areas make up 20% of the watershed.  These areas comprise urban areas, 
plantations and thicket or dense bush.  Service connecting areas make up 45% of the 
watershed, and consist of indigenous forests, forest plantations and thicket or dense bush.  
The service benefitting areas constitute 35% of the watershed, of which 12% comprise the 
Knysna Estuary which serves a flood attenuation function in the watershed. 
 
Figure 5.3: Flood regulation potential of the a) George catchment and b) Knysna catchments.   
Stellenbosch University  https://scholar.sun.ac.za
218 
  
5.4.2 Flood regulation demand 
Figure 5.4 shows the hazard areas for the George watershed as determined by the SCIMAP 
model.  Results show 80% of the George watershed has a high susceptibility to surface water 
flooding, whilst 18% has medium susceptibility (Fig. 5.4 (a)).  Areas with low susceptibility 
make up 0.6% of the watershed.  Wards with high susceptibility to surface water flooding are 
located in the northern and southern regions of the watershed, whilst wards in the north-west 
of the watershed surrounding urban areas have lower flood susceptibility.  Figure 5.4 (b) 
provides an overview of the flood exposure in the George watershed.  Wards with the highest 
exposure are located in the city centre north-west of the watershed, as well as the peri-urban 
wards to the south and the ward to the north of the watershed containing a coastal resort 
town.  Figure 5.4 (c) shows the spatial distribution of social resilience within the George 
watershed.  Wards with high social resilience scores are generally concentrated around the 
city centre and the established sub-urban wards north of the watershed.  Areas of lower social 
resilience are located in the sub-urban and peri-urban wards south-east of the watershed.  The 
spatial distribution of economic resilience is shown in Figure 5.4 (d).  The highest economic 
resilience scores are located in the wards surrounding the city centre and sub-urban wards.  
Lower economic resilience scores are located within the peri-urban wards of the watershed.   
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Figure 5.4: Spatial distribution of the (a) flood receiving areas,(b) exposure and (c) social and (d) economic 
resilience for the George watershed per municipal ward.  Results have been classified into classes of low, 
medium and high using natural breaks. 
 
Figure 5.5 (a) shows the hazard areas within the Knysna watershed.  About 12% of the 
watershed is highly susceptible to surface water flooding, whilst 77% has a medium 
susceptibility.  Areas with low flood susceptibility make up 11% of the watershed.  Wards 
with a high susceptibility to surface water flooding are located north of the estuary, whilst the 
wards south-east of the estuary have lower susceptibility.  The flood exposure within the 
Knysna watershed is shown in Figure 5.5(b).  Wards with the highest exposure are located in 
the peri-urban wards in the north of the watershed, with medium exposure in the wards above 
the estuary and lowest exposure in the wards located at the top and bottom of the watershed.  
Figure 5.5(c) shows the spatial distribution of social resilience in the Knysna watershed.  
Areas with high social resilience are located immediately adjacent to the estuary, whilst 
wards further north of the watershed have generally lower social resilience.  The spatial 
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distribution of economic resilience is shown in Figure 5. 5 (d).  Areas with high economic 
resilience are located south-east of the estuary, whilst the wards north of the watershed have 
lower economic resilience.   
 
Figure 5.5:  Spatial distribution of the (a) flood hazard, (b) exposure, (c) social and (d) economic resilience of 
the Knysna catchments per municipal ward.  Results have been classified into classes of low, medium and high 
using natural breaks. 
The final flood regulation service, which is the actually used or demanded contributions of 
ecosystems in the George watershed, is shown in Figure 5.6.  Wards with a high demand for 
Stellenbosch University  https://scholar.sun.ac.za
221 
  
flood regulation comprise 75% of the George watershed, whilst 9% of the watershed has a 
medium demand.  Wards with a low demand for flood regulation make up 16% of the 
watershed.  High demand for flood regulation is located in the outer wards east of the 
watershed.  The sub-urban wards south of the city centre and the coastal village at the bottom 
of the watershed have a medium demand for flood regulation.  Areas with lower demand for 
flood regulation are located in the city centre, and established sub- urban area north of the 
city centre.   
 
Figure 5.6: Final flood regulation service in George watershed.  Results have been classified into low, medium 
and high based on natural breaks. 
The spatial distribution of the final flood regulation service for the Knysna watershed is 
shown in Figure 5.7.  Wards with a high demand for flood regulation comprise 59% of the 
watershed, whilst 29% of wards have a medium demand, and 12% of wards have a lower 
demand for flood regulation.  Wards with high demand are located in the peri-urban areas in 
the middle of the watershed.  The wards in the north of the watershed and those adjacent to 
the estuary have medium flood demand, whilst wards south-east and below the estuary have 
lower demand for flood regulation. 
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Figure 5.7: Final flood regulation service in Knysna watershed.  Results have been classified into low, medium 
and high based on Jenks natural breaks classification. 
 
5.5 Discussion 
This paper introduces and illustrates an approach to characterise and spatially connect 
regulating ecosystem service flows from supply to demand.  What sets the approach apart 
from previous studies is that rather than focusing on the supply and demand of services 
separately, the assessment looks at the relationship between them.  Studying the 
interconnections within social-ecological systems can highlight the trade-offs between land 
use activities and the provision of regulating services (Garcia-Llorente et al. 2015).  This is 
especially important for regulating services which are largely invisible until changes in 
ecological function occur (Outeiro and Villasante 2013, Vidal-Abarca et al. 2014).  In a 
complex and heterogeneous social-ecological system, changes in the system can affect people 
and places unequally and cause different types of outcomes (de Oliveira Mendes 2009, 
Lorenz 2010).  Investigating the interrelationship between ecological and social components 
can assist in defining appropriate management decisions and response strategies that can 
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build the necessary social and ecological adaptive capacity needed to continue to enhance 
human well-being. 
To illustrate the variation in supply and how humans shape the use and demand for regulating 
services, the approach was applied in two urban watersheds.  The two watersheds chosen as 
case studies reflect global coastal urbanisation trends.  Both watersheds are situated along the 
coast and therefore are highly popular for human habitation, but like many coastal areas in 
the developing world are vulnerable to floods (Craig and Ruhl 2010, Ahammad et al. 2013).  
Due to the job opportunities and scenic beauty provided by coastal watersheds they continue 
to attract people wanting to settle in the area, while at the same time climate change will 
continue to increase the frequency and uncertainty of flood events (Craig and Ruhl 2010).  
Management action should therefore aim to provide sustainable supply of flood regulation 
which supports socio-economic development and well-being of flood affected communities.  
One such lens on priority management areas is related to the high levels of inequality in the 
region that leave many unequally vulnerable to flooding events, with little capacity to adapt 
and continue to develop during and after flood events.  Mapping the needs of such 
populations through a flood demand approach is vital.  
 
5.5.1 Supply of flood regulation services in the Garden Route 
watersheds 
The potential of the study areas to provide flood regulation was investigated through the use 
of the SCIMAP model.  Both watersheds have a rich natural resource base, with upper 
watersheds covered in largely intact indigenous forests and soils that are able to reduce 
runoff, and thereby provide a buffering system to downstream areas during small scale 
rainfall events.  Due to rapid growth of agricultural areas and urban development, it is nearly 
impossible to manage and conserve all of these areas.  By linking supply areas to the 
downstream benefitting areas of the watershed, areas directly linked to high demand can be 
conserved to ensure a sustainable supply of the flood regulation service (Syrbe and Walz 
2012).  The George watershed is highly responsive to rainfall with large parts of the 
watershed predicted to be service providing areas.  The indigenous forest, thicket and forest 
plantations in the upper watershed are able to attenuate runoff to provide flood regulation to 
areas west of the watershed.  In the Knysna watershed, communities are located directly on 
the service providing areas of the watershed.  The estuary serves a buffering function within 
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the watershed and is able to store and attenuate runoff generated during rainfall events.  
Management actions should therefore ensure that anthropogenic pressure and disturbances in 
the watershed, but especially in the areas surrounding the estuary, are kept to a minimum.   
 
5.5.2 Demand and use of the final flood regulating service in the 
Garden Route watersheds 
Relating flood hazard with level of exposure and the resilience of flood affected communities 
allowed for the identification of underlying heterogeneity in the use and demand for flood 
regulation in the study watersheds.  The distribution of hazard areas is extensive in the 
George watershed where wards in both upper and lower parts of the watershed are located in 
areas highly susceptible to surface water flooding.  The wards containing the city centre, peri-
urban areas, and the coastal resort town north of the watershed were identified as having the 
highest level of exposure.  A clear spatial distinction was shown in the resilience of residents 
of the watershed with generally high social and ecological resilience in the urban wards, and 
low social and economic resilience in the peri-urban wards. These latter wards are the 
location of many of informal settlements where communities have low social and economic 
resources and resilience.  When these data layers are combined, it highlights those 
populations in highly hazardous and exposed areas, with low resilience, and little or no 
protection from a flood event, areas where flood regulation provided by the connecting 
watershed is essential.  The spatial distribution of the final flood regulation service suggests 
that the demand and use of the service is highly influenced by topography and location in the 
watershed.  Urban expansion into marginal areas of the watershed has hardened surfaces, and 
thereby increased surface runoff and the demand for flood regulation in the peri-urban wards.   
In the Knysna watershed susceptibility to surface water flooding is associated with proximity 
to the estuary, with the highest susceptibility in areas located north of the estuary.  A lower 
demand or use for flood regulation was identified in wards where flood susceptibility is high, 
exposure levels are moderate, and where the communities at risk are sufficiently resilient and 
prepared for a flood event.  Wards on the periphery of the main town had higher use or 
demand for flood regulation.  Despite having moderate flood susceptibility, they had high 
levels of exposure, with low social and economic resilience.  By considering both ecological 
and social aspects of ecosystem service delivery a clearer perspective on the dynamics of the 
study watershed was garnered, allowing a refinement of the larger areas with high flood 
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hazards.  Where residents of the Knysna watershed are able to offset their risk with high 
social and economic resilience, poorer communities in both the George and Knysna 
watersheds are likely to suffer greater losses due to their lower adaptive and coping capacity.  
These wards should be prioritised, with mitigation measures aimed at increasing resilience 
through upgrading infrastructure and ensuring adequate housing, as well as targeted 
management of the flood regulation areas of relevance.  
 
5.5.3 Strengths and limitations of the approach 
There are many ways to map demand and use for ecosystem services, and as regulating 
services are underexplored in the demand side mapping, this is an area of innovation and new 
methods.  The proposed method builds on thinking in flood vulnerability and incorporates 
landscape connections from supply to demand areas.  It also takes a much wider approach to 
include socio, economic and ecological inputs, as well as the adaptive and transformative 
capacity from a resilience perspective to derive the actually used or demanded flood 
regulation service.  It adopts a people centred approach which acknowledges the inequality 
and development challenges experienced by many developing countries.  The approach is 
however flexible, and could include other aspects of exposure beyond people, such as land or 
urban assets (Sanders and Phillipson 2003), as well as other components of resilience such as 
infrastructure and institutional resilience (Kotzee and Reyers 2016)(Chapter4).  Resilience is 
a dynamic process which is dependent on antecedent conditions, disaster severity, and 
external factors which change over space and time (Cutter et al. 2008).  Assessments are also 
dependent on what values are assessed (resilience of what) and underlying determinants of 
resilience considered (resilience to what) (Carpenter et al. 2001).  However, due to data and 
methodological constraints, a static depiction of resilience is presented here.  Ideally we 
would want to compare resilience of communities over time and space to get an accurate 
depiction of resilience.  In order to integrate ecological and social aspects 
5.5.4 Challenges in mapping demand for regulating services 
Mapping the demand for flood regulation (and in fact many regulating services) is complex 
due to the multitude of factors affecting demand e.g. number of people, exposure of those 
people, vulnerability, resilience etc., as well as the many other aspects one would want to 
consider like land or buildings (if you were an insurer or a public official). Combining these 
factors into one model or map is challenging and risks hiding important variables and 
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heterogeneity.  In this approach the sub-components are rather kept separate with factors 
explored with the use of simple mathematical function that highlights the relationship 
between components and identifies areas with a high priority for demand.  This allows for 
disaggregation, to explore underlying features, as well as the regular updating of new data to 
account for the dynamic nature of the social and ecological components of these areas.  The 
approach can however benefit from more sophisticated analyses.  The incorporation of 
models and spatial analyses able to support aspects of planning such as scenario analyses and 
urban planning processes would be useful ways forwards.  All services are dynamic, but the 
demand for regulating services is especially so.  There is a need for regularly updated data, 
but also for approaches and management that can cope with uncertainty, spatial and temporal 
disconnects and the invisibility of regulating services associated with natural hazards. 
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6.1 Synthesis 
Although flooding is not a new phenomenon, the risks it poses have increased significantly in 
recent years, prompting the use of new ways to effectively manage flood events.  The main 
factors cited for the increase in risk are the intensification of flood producing weather events, 
population pressure and development within flood prone areas (Hümann et al., 2011).  
Management priorities are expanding from largely investing in flood control infrastructure, to 
looking at ways in which the impact on communities and the exposure to flood risk can be 
reduced (Moser, 2010; Preston et al., 2011).  The research presented here focuses on 
developing approaches able to inform a more integrated flood management which make use 
of readily available data sources.  The approaches, models and tools which have been 
developed and adapted were tested using regionally available data in South Africa to explore 
their applicability in areas where data for process-based models and the capacity to interpret 
model outputs may be limited.  The overall objective of this thesis was to develop and pilot a 
flood resilience management strategy based on improved systems approaches and knowledge 
on floods, flood regulation services and impacts on people and infrastructure.  This chapter 
returns to the objectives set out in chapter 1 and discusses the main findings and contributions 
from the individual chapters. 
 
6.1.1 Summary of findings 
Sub-objective 1: Gain a better understanding of the state of knowledge on regulating services 
by reviewing progress in research of regulating services since the Millennium Ecosystem 
Assessment, with a particular focus on progress in their assessment and quantification 
(Chapter 2). 
Chapter 2 focuses on an understudied, yet essential area of ecosystem services namely, 
regulating services.  Due to their ability to moderate the flow of energy and materials, 
regulating services are crucial in rapidly changing landscapes.  Despite their apparent value 
regulating have been rapidly modified, converted, over-exploited and degraded over the last 
century.  However, due to the largely invisible, slow changing and multi-scale nature of 
regulating services they are the least understood and the most at risk from human activities.  
In this first ever-comprehensive review of regulating services the advances and remaining 
gaps in the assessment of regulating services is shown.  The review highlights biases in 
services studied, especially gaps in acknowledging the complexity of regulating services such 
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as water regulation and climate regulation.  The review shows that majority of research to 
date has been conducted in developed regions such as North America, Europe and Eastern 
Asia, with fewer studies in less developed regions of Africa, Central America and Asia.  
Assessments and quantification of regulating services has also tended to adopt a narrow range 
of approaches and disciplines resulting in predominantly quantitative assessments done by 
natural scientists.  The review also found that the majority of assessments were conducted in 
agro-ecosystems and forests, with studies on estuarine and coastal as well as marine habitats 
mostly lacking.  Research tended to be focused on either patch or regional scales with very 
few studies conducted at multiple scales.  This is a point of concern as regulating services are 
produced at multiple scales.  This may be due to the tools not being available at the moment.  
From these results it appears that research on assessing regulating services would benefit 
from more integrated and interdisciplinary approaches able to link the social and ecological 
components of regulating services, as well as their links to human well-being and governance 
(Daw et al. 2011).   
 
Sub-objective 2: Develop a clearer understanding of the flood generation process and how it 
can be managed, in especially under-resourced areas (Chapter 3). 
In Chapter 3, the potential use of the Sensitive Catchment Integrated Modelling and Analysis 
Platform (SCIMAP) to capture, assess and identify flood receiving areas was tested.  The 
approach was adapted and applied in the Garden Route watersheds to illustrate how it can be 
used to provide a better conceptual understanding of the physical processes in a watershed 
and their underlying drivers.  The aim of the approach was to move from traditional flood 
management which have focused on river training, and construction of embankments to a 
management approach which uses a systemic understanding of both structural and functional 
dynamics of a watershed.  Moreover, as was highlighted in Chapter 2, there is a need for 
approaches which can be applied in developing countries where there might be a lack of 
resources.  A simple watershed scale model which uses readily available datasets was 
therefore chosen to model flood receiving areas.  In addition to the final output of a flood 
receiving areas map, model outputs consisted of a network index; a runoff generating 
potential map and a stream power index, all of which contributes towards a better 
understanding of how underlying watershed properties interact to drive flood generation.  
Rather than an empirical understanding, the model provides a process-based understanding, 
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which allows managers to interpret the system and predict when, where and how to intervene 
in catchment processes to ensure successful catchment management (Bracken et al. 2013).  
The approach shows great potential as a decision support tool for improved flood 
management and is intended to be used in the preliminary stages of a study to prioritise areas 
in the landscape where future resources, time and expertise should be focused. 
 
Sub-objective 3: To develop a practical approach to measure resilience of a system to a flood 
based on resilience theory and insight (Chapter 4). 
In chapter 4, a multi-dimensional approach to measuring resilience was developed and 
piloted.  The study demonstrates the possibility of spatially depicting and communicating 
flood resilience values in a readily calculated, repeatable and transparent manner using a 
composite index approach.  The ease of use, transparency and replicability of the approach 
was especially important as it was felt that previous models and tools designed to measure 
resilience have had limited uptake in social-ecological systems management, due to the 
absence of these criteria (Nyström et al. 2008, Malone and Brenkert 2008).  What sets the 
approach apart from other disaster resilience indices (Cutter et al. 2010, 2014) is firstly, that it 
looks specifically at flood resilience and secondly, that it allows for the disaggregation of the 
underlying components of social, ecological, and economic and infrastructure resilience.   
 
Sub-objective 4:  Develop an integrated systems approach to spatially define and link the 
supply and demand of the flood regulating service (Chapter 5). 
In chapter 5 an approach to characterise and spatially connect the flood regulating ecosystem 
service flows from supply to demand was introduced and illustrated.  The approach included 
the use of a resilience perspective in which a people centred priority was adopted to fit the 
inequality and development challenges experienced by many developing countries.  What 
sets the approach apart from previous studies is that rather than focusing on the supply and 
demand of services separately, the assessment looks at the relationship between them.  The 
proposed method builds on from the thinking in flood vulnerability and incorporates 
landscape connections from supply to demand areas.  It also takes a much wider approach to 
include socio, economic and ecological inputs, as well as the adaptive and transformative 
capacity from a resilience perspective.   
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6.2 Overall insights 
A resilient community is described by Schelfaut et al. (2011) as a community that is 
knowledgeable and aware of risk, is well prepared, responds well when a flood occurs, and is 
able to recover more quickly from disasters.  The studies carried out in this dissertation make 
a valuable contribution in developing management strategies able to build flood resilient 
communities.  This contribution is shown firstly, in the identification of flood receiving areas. 
This forms a fundamental component of a flood management strategy, allowing for the 
anticipation of possible impacts and the prioritisation of resources.  Secondly, the 
contribution focuses on developing a flood resilience index able to identify the main elements 
of flood resilience within a community which can be used to recognize the components which 
lead to improved resilience and to set targets to improve the resilience of low scoring areas.  
And thirdly, the research enables spatially connecting flood regulating ecosystem service 
flows from supply to demand, to facilitate management actions aimed at ensuring the 
sustainable supply of the flood regulating service.  The findings presented are the result of 
many hours of learning, of adapting and developing new approaches for measuring floods, 
flood regulation and resilience to improve flood risk management; in doing this research the 
following general insights were garnered. 
 
6.2.1 Data Constraints 
The research was conducted in the Garden Route municipalities which forms part of the Eden 
District, a relatively well resourced municipality in South Africa.  In general the topographic, 
historical flood and land cover data required for flood modelling analysis in South -Africa 
was very limited.  Historical flood data plays a very important role in the calibration and 
validation of flood models, but no sources (data flood maps, dated photographs, flood marks 
etc.) of historical data exist for the study area.  Due to the dynamic nature of floods, these 
data need to be continuously updated.  These data constraints were circumvented by using 
publicly available data to ensure that the final results could be regularly updated with new 
data, validated, reproduced and replicated.  The use of publicly available does put some 
constraints on the type of assessments that can be done.  As with many indices, secondary 
data in the form of the national census data were largely used to construct the flood resilience 
index (Chakraborty et al. 2005, Hahn et al. 2009).  Impacts of floods are however 
experienced at finer scales than the scale at which data for census are collected (Nelson et al. 
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2015).  It is however the scales at which decisions are made in terms of disaster management, 
and could therefore be used to prioritise areas with low resilience. 
 
6.2.2 Understanding the “social” in social-ecological systems 
The concepts explored in this dissertation, such as the quantification of flood resilience, and 
spatially linking flood regulation service from supply to demand are aimed at informing 
better management and policies.  In doing so the research needed to move beyond the 
traditional separation of social and ecological systems towards coupled social-ecological 
systems.  Due to the scale at which research was conducted, and the use of secondary data, 
some of the heterogeneity and social complexity of social systems were lost.  Several 
assumptions were also made with regard to human adaptive capacity.  The research could 
benefit from understanding, insights and critiques gained from other disciplines such as social 
anthropology and political ecology (Cote and Nightingale 2012, Fabinyi et al. 2014).   
6.3 Future Research 
A central lesson of this work is the recognition that a focus limited to a single stressor (e.g. 
floods), is insufficient for understanding impacts and responses of complex social-ecological 
systems.  More integrated approaches are needed to make explicit the links and feedbacks 
through which social and ecological systems interact. To do so, more integrated and 
interdisciplinary approaches are required.   
There is a need for regularly updated data, but also for approaches and management that can 
cope with uncertainty.  The development of metrics and models able to deal with spatial and 
temporal disconnects and the invisibility of regulating services associated with natural 
hazards is another research challenge that needs to be pursued.  As well as the effect of cross-
scalar dynamics and its influence on vulnerability, resilience and adaptive capacity. 
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Chapter 7                                                                                      
Appendices 
 
These appendices include 
1. Appendix A: Supporting information for Chapter 2 
a) Keywords used in literature search in search engine Scopus 
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Appendix A: Keywords used in literature search in search engine 
Scopus 
 Regulating ecosystem services 
 Flood regu*and ecosystem services 
 Carbon sequestration and regu *ecosystem services 
 Pollination and regu* ecosystem services 
 Carbon storage and regu*ecosystem services  
 water quality and  regu* ecosystem services  
 Soil erosion and regu* ecosystem services 
 Climate regulation and regu* ecosystem services 
 Soil retention and regu* ecosystem services 
 Soil stability and regu*ecosystem services 
 Natural disaster and regu* 
 Water provision and regulating ecosystem services 
 Water provision and regu*ecosystem services 
 Pest regulation and regu* and ecosystem services 
 Disease regulation and regu* ecosystem services 
 Waste regulation and regu* ecosystem services 
 Air quality and regu* ecosystem services 
The search term regu* was used to account for both regulation and regulating 
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